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ABSTRACT
The aim of this thesis was to develop a food receipe for the developing countries using 
underutilised fish species. The food was freeze-dried and stored at 22°C with and without 
antioxidants. Lipid oxidation and safety of the fish used in the receipe were assessed. The 
lipid and protein content were at 5 % and 19.9 % respectively for mackerel and at 2 % and
21.6 % respectively for horse mackerel. The moisture content was approximately 71% for 
both fish.
Raman spectra of oil extacted from freeze-dried mackerel and horse mackerel revealed 
significant reductions in the intensity of bands associated with CHz stretches and C=0 ester 
stretches and increase in the intensity of the bands at 3011 cm*1 and 2960-2850 cm'1 
suggesting alterations in lipid structure involving CH groups, as a result of lipid oxidation 
confirmed by peroxide value determinations.
Combination of vitamins E + C + citric acid (250; 250; 100 ppm) was shown to be the most 
effective in slowing lipid oxidation in fish (P < 0.05) and in food products (P < 0.01). A 
rapid decrease (P < 0.01) in solubility of myofibrillar proteins was detected in the control 
samples. Gel electrophoresis of myofibrillar proteins of freeze-dried mackerel showed a 
gradual loss of the myosin band in control samples.
Addition of methyl linoleate (ML) or mackerel oil oxidized under UV light for 72 hours 
caused a substantial drop in the percentage of LDH release. Combination of vitamins E + C 
+ citric acid (250; 250; 100 ppm) as well as rosemary (250 ppm) showed a significant
decrease in the percentage of LDH release compared with the control (without 
antioxidants) group (P < 0.01 and P < 0.05 respectively).
The data showed that fish from African and Asian marine waters contain PCDD/Fs at 
levels significantly below the limit set by the European Commission. An assessment of 
dietary exposure to PCBs and Dioxins showed a daily intake per capita of these 
contaminants below the tolerable daily intake (TDI) and tolerable monthly intake for 
dioxins established by World Health Organisation.
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CHAPTER ONE
1. Introduction
Fish is rich in amino acids which make it suitable for complementing the high- 
carbohydrate diet present in most of Africa and Asia. It is also high in vitamins such as A 
and D. It is also a good source of minerals such as phosphorus and iron and fish bones 
which may be eaten in small fish such as sardines are rich in calcium and phosphorus. 
Marine species are particularly rich in omega-3 polyunsaturated fatty acids (PUFA), which 
are good for maintaining safe levels of blood cholesterol and triglycerides. Therefore, since 
fish, including its oil, meat, bones and organs can be consumed, and is rich in vitamins and 
minerals, is considered to be useful in combating malnutrition deficiencies and preventing 
disease such as blindness, anaemia and goitre. Oily fish can contribute greatly to the energy 
supplies of people in risk of malnutrition. Fish is also used by many for its distinctive taste 
and texture and can be used as flavouring to make rice and other bland foods more 
palatable and hence promote their consumption. Fish reduced to a paste or powder form 
can be used as protein-rich weaning food. This chapter summarises recent reports on 
constituents of fish and nutritional benefits as well as potential risks associated with 
consumption of fatty fish.
1.1 Organic constituents of fish
The chemical composition of fish or other sea foods is very similar to those of land 
animals. The principle constituents are: water, 66-84 %; protein, 15-24 %; lipids, 0.1-22 % 
and mineral substances, 0.8-2 % (Jacquot, 1961). The composition of aquatic animals is 
extremely varied. There are a number of internal (genetic, morphology and physiology) and 
external (living conditions, such as feeding habits) factors which are known to affect the
chemical composition of fish. There are differences within the species as well as individual 
differences among the fish species. For example, fish is classified as fatty, semifatty and 
lean, depending on the percentage of oil present in that fish. However, because of 
individual variations and the range within species, a particular fish can be both lean and 
fatty, for example mackerel contains between 2.2 and 16.4 % of lipids, depending on when 
it is caught (Jacquot, 1961). There is an inverse relationship which exists between the 
degree of hydratation and lipid content, but there is independence between lipids and 
protein contents in the sense that variations in the amount of the former do not necessarily 
change the amount of the latter.
A number of variations have been detected in many fatty marine fish that get their 
nourishment from plankton, for example, the period during which mackerel and horse 
mackerel contain most fat coincides with the period when plankton is most abundant 
(Jacquot, 1961; Bandarra, 2001). However, it is important to note that the growth of fish is 
not only dependent on the availability of feed, but is also affected by other factors such as 
temperature of the water, its salinity and the ocean currents. In individual specimens within 
the body, the composition of the flesh tissue varies with the anatomical location, of which 
mostly apply to lipids (Jacquot, 1961). Sea water fish oils have a relatively complex 
composition and contain greater proportions of Cl 8, C20, C22 acids, whereas, fresh water 
fish oils contain smaller amounts of C20 and C22 unsaturated acids than sea water fish oil 
but greater amount of palmitic acid and Cl 8 unsaturated acids. Such differences in the oil 
composition of fresh water and sea water fish species can be due to differences in food, 
environment or seasonal conditions. It is also evident that there are differences in chemical 
composition between male and female species. However, these differences are subject to 
seasonal variations as they do not exhibit a constant pattern. For example, female horse
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mackerel has, at the beginning of the sexual cycle, higher protein content than the male, but 
the reverse is seen after spawning (Jacquot, 1961).
1.1.1 Lipids
Lipids consist of numerous fatlike chemical compounds that are insoluble in water but 
soluble in organic solvents. Lipid compounds include monoglycerides, diglycerides, 
triglycerides, phosphatides, fatty alcohols, and fatty acids. Dietary fats supply energy, carry 
fat-soluble vitamins (A, D, E, K), and are a source of antioxidants and bioactive 
compounds. Fats are also incorporated as structural components of the brain and cell 
membranes (Gutteridge and Halliwell, 1999). Table 1.1 shows chemical names and 
descriptions of some common fatty acids. Fatty acids consist of the elements carbon (C), 
hydrogen (H) and oxygen (O) arranged as a carbon chain skeleton with a carboxyl group (- 
COOH) at one end. Saturated fatty acids (SFAs) have all the hydrogen that the carbon 
atoms can hold, and therefore, have no double bonds between the carbons. 
Monounsaturated fatty acids (MUFAs) have only one double bond. Polyunsaturated fatty 
acids (PUFAs) have more than one double bond. The hydrocarbon chain gives the fatty 
acid its solubility in organic solvents and the carboxylic group is capable of generating 
hydrogen ions (Frankel, 1999).
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Figure 1.1 Chemical structure of Eicosapentaenoic acid. 
(Adapted from http ://lansbury.bwh.harvard. edu)
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Figure 1.2 Chemical structure of Docosahexaenoic acid. (Adapted from 
http://lansbury.bwh.harvard.edu)
Eicosapentaenoic acid (EPA) is one of the polyunsaturated long-chain fatty acids 
commonly found in fish oil. Figure 1.1 is a detailed structural formula explicitly showing 
four bonds for every carbon atom and can also be represented as the equivalent line 
formulas:
CH3CH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CHCH2CH2CH2COOH 
or CH3CH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CH(CH2)3COOH
The numbers at the beginning of the scientific names indicate the locations of the double 
bonds. By convention, the carbon of the carboxyl group is carbon number one. Greek 
numeric prefixes such as di, tri, tetra, penta, hexa, etc., are used as multipliers and to 
describe the length of carbon chains containing more than four atoms. Thus, "5,8,11,14,17- 
eicosapentaenoic acid" indicates that there is a 20-carbon chain (eicosa) with five double 
bonds (penta en) located at carbons 5, 8, 11, 14 and 17, with carbon 1 constituting a 
carboxyl group (oic acid). Figure 1.2 is a detailed structural formula of docosahexaenoic 
acid (DHA) which like EPA is a polyunsaturated long-chain fatty acid found in fish oil. 
Double bonds bind carbon atoms tightly and prevent rotation of the carbon atoms along the 
bond axis. This gives rise to configurational isomers which are arrangements of atoms that 
can only be changed by breaking the bonds.
Common Name Carbon Double Scientific Name Sources
Atoms Bonds
Butyric acid 4 0 butanoic acid butterfat
Caproic Acid 6 0 hexanoic acid butterfat
Caprylic Acid 8 0 octanoic acid coconut oil
Capric Acid 10 0 decanoic acid coconut oil
Laurie Acid 12 0 dodecanoic acid coconut oil
Myristic Acid 14 0 tetradecanoic acid palm kernel oil
Palmitic Acid 16 0 hexadecanoic acid palm oil
Palmitoleic Acid 16 1 9-hexadecenoic acid animal fats
Stearic Acid 18 0 octadecanoic acid animal fats
Oleic Acid 18 1 9-octadecenoic acid olive oil
Vaccenic Acid 18 1 11-octadecenoic acid butterfat
Linoleic Acid 18 2 9,12-octadecadienoic acid safflower oil
Alpha-Linolenic Acid 18 3 9,12,15-octadecatrienoic acid flaxseed
(ALA) (linseed)
oil
Gamma-Linolenic 18 3 6,9,12-octadecatrienoic acid borage oil
Acid
(GLA)
Arachidic Acid 20 0 eicosanoic acid peanut oil, 
fish oil
Gadoleic Acid 20 1 9-eicosenoic acid fish oil
Arachidonic Acid 20 4 5,8,11,14-eicosatetraenoic acid liver fats
(AA)
EPA 20 5 5,8,11,14,17-eicosapentaenoic 
acid
fish oil
Behenic acid 22 0 docosanoic acid rapeseed oil
Erucic acid 22 1 13-docosenoic acid rapeseed oil
DHA 22 6 4,7,10,13,16,19-
docosahexaenoic
acid
fish oil
Lignoceric acid 24 0 tetracosanoic acid small amounts
in most fats
Table 1.1: Chemical names and descriptions of some common fatty acids. (Adapted from 
http://lansbury.bwh.harvard.edu)
These three-dimensional molecular projections (Figure 1.3) show the cis and tram 
configurational isomers of 9-octadecenoic acid with the hydrogen atoms shown in blue. 
The Latin prefixes cis and tram describe the orientation of the hydrogen atoms with respect 
to the double bond, cis means "on the same side" and tram means "across" or "on the other 
side". Naturally occurring fatty acids generally have the cis configuration. The natural form 
of 9-octadecenoic acid (oleic acid) found in olive oil has a "V" shape due to the cis 
configuration at position 9. The tram configuration (elaidic acid) looks more like a straight 
line.
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C/s-9-octadecenoic acid 7>a«5-9-octadecenoic acid
(Oleic acid) (Elaidic acid)
Cis Configuration Trans Configuration
Figure 1.3: Three dimentional molecular projections of cis and trans configurational 
isomers of 9-octadecenoic acid.
(Adapted from http://lansbury.bwh.harvard.edu)
1.2 Biochemistry of fish oils
Omega-3 (m3) and omega-6 (m6) fatty acids are unsaturated "Essential Fatty Acids" 
(EFAs) that need to be included in the diet because the human metabolism cannot create 
them from other fatty acids. Since these fatty acids are polyunsaturated, the terms n-3 
PUFAs and n-6 PUFAs are applied to omega-3 and omega-6 fatty acids, respectively. 
These fatty acids use the Greek alphabet to identify the location of the double bonds. The 
"alpha" carbon is the carbon closest to the carboxyl group (carbon number 2), and the 
"omega" is the last carbon of the chain because omega is the last letter of the Greek 
alphabet. Linoleic acid is an omega-6 fatty acid because it has a double bond six carbons 
away from the "omega" carbon. Similarly, alpha-linolenic acid is an omega-3 fatty acid
because it has a double bond three carbons away from the "omega" carbon. The 
classification of the fatty acid is obtained by subtracting the highest double-bond locant in 
the scientific name from the number of carbons in the fatty acid. For example for 
arachidonic acid, 14 is subtracted from 20 to obtain 6; therefore, it is an omega-6 fatty acid.
COOH
Alpha Linolenic Acid (omega-3)
COOH 
(ù
Linoleic Acid (omega-6)
In these simplified structural formulas of unsaturated fatty acids, each angle represents a 
carbon atom and all the double bonds have the cis configuration.
DHA (docosahexaenoic acid) and AA (arachidonic acid) are both crucial to the optimal 
development of the brain and eyes. The importance of DHA and AA in infant nutrition is 
well established, and both substances are routinely added to infant formulas. Excessive 
amounts of omega-6 polyunsaturated fatty acids and a very high omega-6/omega-3 ratio 
have been linked with pathogenesis of many diseases, including cardiovascular disease, 
cancer, and inflammatory and autoimmune diseases. The ratio of omega-6 to omega-3 in 
modem diets is approximately 15:1, whereas ratios of 2:1 to 4:1 have been associated with 
reduced mortality from cardiovascular disease, suppressed inflammation in patients with 
rheumatoid arthritis, and decreased risk of breast cancer. Unlike vegetable oils, fish oils 
contain higher percentage of polyunsaturated fatty acids (PUFAs) particularly (co-3 or n-3) 
fatty acids; eicosapentaenoic acid (EPA) and docosahexaenoic acid; (DHA) which are 
synthesised by phytoplankton and are subsequently incorporated into fish.
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1.2.1 Eicosanoid
The term eicosanoid and docosanoids are used to describe those products resulting from 
enzymic oxidation of C20 and C22 PUT A respectively. Eicosanoids and docosanoids are 
hormone-like compounds which are produced, degraded and function locally and are 
involved in tissue homeostasis. Both n-3 and n-6 PUPA are precursors of eicosanoid. The 
major eicosanoid precursor in most tissues is suggested to be arachidonic acid. Cell 
triglycerides are converted to linoleic acid via the enzyme lipase, in the presence of cyclic 
adenosine monophosphate (cAMP). Linoleic acid is then broken down to its corresponding 
metabolite 13-hydroxydodecadienoic acid (13-HODE) via the enzymatic pathway of 15 
lipoxygenase peroxidase. 13-HODE is crucial for the prevention of tumour formation and 
platelet adhesion. Linoleic acid could be also metabolised by desaturase enzymes to y- 
linoleaic acid (GLA) which is then metabolised to dihomogammalinoleic acid (DGLA) and 
finally arachidonic acid (an n-6 PUPA).
1.2.2 Arachidonic acid
Arachidonic acid reacts with molecular oxygen in reactions catalysed by two distinctly 
different enzymes found in platelets. The first enzyme cyclooxygenase converts 
arachidonic acid into the prostaglandins (PG) and leukotrienes (LTs) (Porter et al, 1979; 
Kinsella, 1991). The PG is enymatically converted to the thromboxanes and other PGs, 
which all play a crucial role in aggregation of platelets. A second enzymatic pathway of 
arachidonic acid in platelets involves conversion of arachidonic acid into 12-hydroperoxy 
eicosatetraenoic acid (12-HPETE) via lipoxygenase. Such lipid hydroperoxides like 12- 
HPETE have been recently shown to act as important mediators of many biological 
processes such as 1) inhibition of the formation of PGs, 2) activation of guanylate cyclase
(GC) and inhibition of human platelet aggregation (Porter et al, 1979). The composition of 
fish oils is dominated by two fatty acids namely eicosapentaenoic acid (20:5 n-3) (EPA) 
and docosahexaenoic acid (22:6 n-3) (DHA) which belong to the family of n-3 PUPA. 
These n-3 PUFAs are capable if acting as both a source of active eicosanoids and as 
inhibitors of synthesis of eicosanoids from arachidonic acid by a variety of human cells 
(Gibson, 1988).
1.2.3 Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
EPA and DHA are synthesised by phytoplankton and algae (Gibson, 1988), but they are 
also derived from oc-linolenic acid by a series of chain elongation and desaturation. 
(Shahidi and Wanasundara, 1998). EPA can either displace arachidonic acid or can act as a 
competitive substrate with arachidonic acid for, metabolism by oxygenase enzymes which 
subsequently reduce eicosanoid production as arachidonic acid is needed for eicosanoid 
synthesis. Indeed EPA has been reported to lower the levels of the pro-aggregatory, 
vasoconstrictor eicosanoid, thromboxane, but does not interfere with the production of the 
anti-aggregatory, vasodilator eicosanoid (prostacyclin) (Gibson, 1988).
1.3 Health benefits and potential risks related to consumption of fish or 
fish oil
As mentioned earlier fish contains a large proportion of high biological value proteins and 
unsaturated essential fatty acids especially omega-3 PUFA as well as minerals including 
calcium, iron, selenium and zinc (Sidhy, 2003) and vitamins A, B3 (nicotinamide), B6 
(Pyridoxine), B12 (Cobalamine), E (5-Tocopherol) and D. Presence of such important 
nutrients in fish makes consumption of fish essential as part of a healthy diet.
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Understanding the biological and biochemical outcome of health benefits offish oil studies 
primarily arose from epidemiological investigations, carried out by Dryerberg and Bang 
(1979) in Eskimos, which determined the role of fish oils particularly in the development 
of heart disease. Therefore, increased consumption of marine lipids has been suggested in 
order to increase the dietary intake of omega-3 PUFA (Shahidi and Wanasundara, 1998). 
Some of the documented health benefits of the consumption of fish or omega-3 PUFAs are 
described below.
1.3.1 Coronary heart disease (CHD)
Coronary heart disease has been described as a process with three different stages. The first 
stage involves the growth of lipid rich atherosclerotic plaques, which is accompanied by 
the proliferation of smooth muscle cells and infiltrations of monocytes and macrophages 
from the blood. During the second stage of the disease, it becomes clinically manifested as 
the plaques grow and obstruct blood flow in the coronary arteries. Finally in the third stage, 
the endothelial lining ulcerates and results in the formation of thrombus more commonly 
referred to as blood clot which then leads to myocardial infarction (Connor and Connor, 
1997). The omega-3 PUFAs protect against this disease by providing both anti-thrombotic 
and anti-atherogenic effects (Gibson, 1988).
Increased levels of plasma cholesterol, decreased levels of high density lipoproteins 
(HDL), increased levels of very low density lipoproteins (VLDL) and low density 
lipoproteins (LDL), increased levels of triglycerides and hypertension have all been shown 
to be major risk factors linked to atherosclerosis. A number of different studies have shown 
a link between fish consumptions and reduced risk of heart disease (Dryerberg and Bang, 
1979; Dolocek and Grandits, 1991; Keys, 1980; Kromhout et al, 1985). It is suggested that
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the omega-3 PUFAs can lower the plasma cholesterol, VLDL as well as LDL and 
triglycerides (Connor and Connor, 1997; Gibson, 1988). They can also slightly increase the 
levels of HDL in the plasma (Schmidt, 1997). However, some studies suggest that there is 
no association between consumption of omega-3 PUFAs and reduction of coronary heart 
disease (Albert et aL, 1998, Kromhout et al., 1996), but the overall net effects of the 
consumption of fish and fish oil appears to reduce the risk of coronary heart disease (Sidhu, 
2003; Gibson, 1988; Connor and Connor, 1997). The anti-atherogenic effects of omega-3 
PUFAs can be obtained within few days and are likely to persist long term as long as the 
administered dose is continued (Schmidt, 1997). PUFA in fish oil have shown to reduce the 
cholesterol levels in blood, by depressing the synthesis of triglycerides fatty acids in the 
liver (Harris and Bashford, 1987; Griffin, 1997).
1.3.2 Stroke
There is still controversial evidence as to whether consumption of fish rich in omega-3 
PUFAs consumption is linked with reduced cases of stroke in humans. Some studies have 
shown a clear reduction in the incidences of stroke in men (Keli et al., 1994) and others 
have not been able to establish such a link (Morris et al, 1995).
1.3.3 Hypertention
As mentioned earlier hypertension plays a role as another atherogenic factor in coronary 
heart disease. Those people suffering from hypertension develop increased systolic and 
diastolic blood pressure, which has been shown to be mildly decreased with the 
consumption of omega-3 PUFAs (Connor and Connor, 1997; Connor 1994; Schmidt, 1997; 
Sidhu, 2003). However, such a decrease in systolic and diastolic blood pressure caused by 
consumption of omega-3 PUFAs is not detected in healthy individuals with no case of
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hypertension and with normal blood pressure (Appel et al., 1993; Schmidt, 1997), this 
suggests that omega-3 PUFAs may indeed be involved in control of blood pressure but 
with a limited role (Sidhu, 2003).
1.3.4 Cardiac arrhythmias
Studies carried out using experimental animals have clearly shown that consumption of 
omega-3 PUFAs prevents cardiac arrhythmias (Nair et al, 1996). For example studies 
using experimental rats fed fish oil supplemented in their diets developed no fatal 
ventricular fibrillation (Nair et al, 1996; Yang et al., 1993). Recent studies have been 
carried out on men and they have shown that omega-3 PUFAs have antiarrhythmatic 
properties and can prevent sudden death in men (Albert ef al., 2002; Rosenberg, 2002).
1.3.5 Diabetes
Omega-3 PUFAs are known to reduce hypertension and plasma triglycerides as discussed 
earlier, this subsequently reduced many incidences of metabolic problems associated with 
insulin resistance in humans and reduces incidence of diabetes mellitus (Rustan et al.,
1997).
1.3.6 Rheumatoid arthritis
In earlier studies carried out by Dyerburg and Bang, it was shown that Eskimos living in 
Greenland have a lower incidence of rheumatoid arthritis compared with the Eskimos from 
Denmark (Kormann, 1980). In particular those patients treated with PUFA such as EPA 
showed a decrease in the development of the symptoms of this disease after the treatment 
(Belch and Muir, 1998).
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1.3.7 Development of nervous (brain), photoreception (vision) and 
reproductive systems
The abundance of PUFA is necessary for the development of the central nervous system 
(CNS), in particular during the third trimester of gestation (Agostoni et al., 1995; Carlson. 
1995; Innis et al., 1994; Makrides et al., 1995). The exact role of DHA in the development 
and functions of these systems remains unclear. However, it is shown that lack of this 
omega-3 PUFA from the diet may result in poor performance of the tasks related to 
memory, visual acuity and reproduction (Sidhu, 2003).
1.3.8 Development of nervous system (brain)
The understanding of the involvement and the role of omega-3 PUFAs in the development 
of the nervous system started from the earlier studies carried out on experimental animals 
and human infants (Burdge, 1998). These studies show that the optimum function and 
development of the brain seems to be influenced by the intake of omega-3 PUFA DHA.
1.3.9 Photoreception system (vision)
Exceptionally high contents of DHA have been detected in the membrane surrounding the 
outer segment of photoreceptor cells, in the retina, responsible for transducing light 
absorption into electrical signals (Neuringer & Connor, 1989).
1.3.10 Reproduction system
The abundance of PUFA is also necessary for optimal prenatal and postnatal development 
(Burdge, 1998). Metabolism of EPA as an omega-3 PUFA as mentioned in earlier sections 
of this chapter results in the production of prostaglandins which are essential for regulation
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and control of labour. Indeed increasing weekly intake of fish has been shown to be linked 
to increased placental weighty head circumference and birth weight of babies (Burdge
1998). In premature babies, as their growth is not complete, they are not capable of making 
their own supply of AA and DHA therefore they need an external supply of these two 
PUFA. In the absence of these PUFA, the premature babies are not able to complete their 
growth particularly in the brain, eyes and nerves (Burdge, 1998; Carlson et al, 1991).
1.3.11 Cancer
Some studies have shown that omega-6 PUFA via production of eicosanoid results in the 
progression of breast cancer by enhancing invation and metastasis, whereas, omega-3 
PUFA are shown to reduce these effects (Rose 1997). Omega-3 PUFAs may also slow 
down the progression of prostate cancer, however, further studies are needed to be carried 
out to confirm these findings (Rose, 1997).
1.4 Safety of fish
Table 1.2 shows the potential health risks associated with the intake of fish oil capsules. 
Excessive bleeding such as a nose bleed and oxidative damage to tissues as a result of lack 
of vitamin E are the major health risks associated with the intake of fish oil capsules 
(Sidhu, 2003).
One of the major health risks related to fish consumption is the presence of contaminants 
such as PCBs, dioxins and methyl mercury which can be carcinogenic (in the case of PCBs 
and dioxins) and non-carcinogenic (in the case of methyl mercury) as well as other 
environmental contaminants which will be covered later in this chapter. These 
contaminants are found at very low levels in the environment such as lakes, fresh water or
14
oceans, however, they can bioconcentrate in the aquatic food chain and the levels become 
higher in older, larger, predatory fish and marine mammals.
Fish consumption has been shown to be the major source of human exposure to these 
contaminants. Contaminants such as PCBs have a long half-life in human bodies and they 
are lipophilic which means they are stored in the adipose tissue of the body. It is thought 
that exposure to PCBs from fish can be reduced by removing the skin and the fat before 
cooking as well as using certain cooking procedures such as grilling, however, as methyl 
mercury is predominantly stored in the muscle of the fish, it cannot be removed using the 
above mentioned method.
In summary it is important that the consumers are aware of both the benefits and risks 
associated with the consumption of fish. Children and pregnant women are at higher risk 
for mercury intoxication from fish consumption but are also at low risk for coronary heart 
disease. Therefore, it is best to avoid consuming highly contaminated fish and this must be 
the top priority. On the other hand, for middle-aged and older men as well as 
postmenopausal women, the benefits of fish consumption outweigh the risks within the 
guidelines established by the Food and Drug Agency (FDA) and Environmental Protection 
Agency (EPA). The problems associated with PCB and other organochlorine contaminants 
found in fish are discussed in details at the end of this chapter. It is also important to note 
that PUFA are easily oxidised during cooking (food processing) and frozen storage. Such 
oxidation is referred to as lipid oxidation, which is a series of chain reactions that 
eventually lead to organoleptic changes such as changes in flavour, texture and aroma of 
food. This results in rancidity of food which subsequently yields different kinds of 
mutagens, promoters and carcinogens such as fatty acid hydroxides, cholesterol
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hydroxides, endoperoxide, fatty acid epoxides, aldehydes and hydroperoxide radicals. The 
mechanism of lipid oxidation is discussed below.
General Gastrointestinal upset
Coagulation Increased bleeding time may result in nose bleeds, easy 
bruising
Metabolism Can increase cholesterol in those with combined 
hyperlipidemia
Can increase calorie intake and hence weight gain
Immune response Various parameters are decreased (uncertain 
significance)
Toxicity Vitamins A and D toxicity with some preparation 
Some fish oils (not highly refined) may contain 
contaminants
Concerns regarding effects on immune response
Cost Expensive compared with fish intake
Table 1.2: Potential Side effects of fish oil capsules. 
(Adapted from Sidhu, 2003).
1.5 Mechanisms of lipid oxidation
Tipis oxidation is initiated by species with lone electron known as free radicals. In the last 
20-25 years a lot of emphasis has been placed on involvement of free radicals and reactive 
oxygen species in tissue injuries and in disease.
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1.5.1 Exposure to reactive oxygen species
Free radicals can either react with each other or other non-radical species which have an 
oxyen atom or molecule such as hydrogen peroxide, ozone, and singlet oxygen. The 
intermediates generated during formation of reactive oxygen species (ROS) such as the 
hydroxyl radical are more reactive than the molecular oxygen and therefore, inflict greater 
damage on the biological systems and molecules. ROS can be generated endogenously via 
biological processes or exogenously via environmental factors such as ozone, nitrogen 
oxide, smoking and alcohol metabolism. The different endogenous sources of ROS 
include: superoxide radical, hydroperoxyl radical, hydrogen peroxide, hydroxyl radical and 
singlet oxygen. Nitrogen dioxide is the most important one that contributes to lipid 
oxidation via both addition to PUFA double bonds or hydrogen abstraction (Frankel 1991).
1.5.2 Autoxidation
Lipid oxidation in food products mediated by oxygen is commonly referred to as auto­
oxidation and proceeds through free radicals via three steps namely initiation, propagation 
and termination and results in the generation of a large number of lipid degradation 
products (Schaich, 1980; Howell and Saeed, 1999). In the first step of lipid oxidation, 
unsaturated lipids (LH) in the presence of an initiator, such as hydroxyl radical (Schaich 
and Karel, 1975) form a carbon-centred alkyl radical (L*). Such alkyl radicals are capable 
of reacting with other membrane components like proteins. Commonly in aerobic 
organisms or in food these radicals react with molecular oxygen and result in the formation 
of peroxyl radical (LOO •). The peroxyl radical is capable of abstracting hydrogen from 
other unsaturated lipids by a free radical chain mechanism to form hyroperoxides (LOOH) 
as the primary products of lipid oxidation and more alkyl radicals (Frankel 1980). This
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reaction clearly demonstrates that a single initiating step can result in the conversion of a 
large number of fatty acid side chains to lipid hydroperoxides without the continued 
presence of initiating species. However, the length of this chain reaction depends on the 
ratio of lipid to protein and the presence of any antioxidants capable of breaking the chain.
LH + *OH —> L*
L* + O2 —> LOO*
LOO" + LH ^  LOOH + L" [1]
In the presence of light, unsaturated fatty acids can also be oxidised to form 
hydroperoxides by reacting with singlet oxygen produced by sensitised photooxidation 
which is a non-free radical process (Gollnick, 1978). The initiators of lipid autoxidation 
can be heat, metals, irradiation or light (Frankel, 1991). Termination of lipid oxidation 
could take place in the presence of certain antioxidants such as vitamin C or free radical 
scavengers such as glutathione. They react with free radicals generated during propagation 
and this in a healthy organism serves as a defence mechanism to protect against oxidative 
stress induced by lipid peroxidation (Halliwell, 1993).
The isolation of pure hydroperoxides was first reported in 1961 (Frankel 1961). Lipid 
hydroperoxides are very unstable and are readily decomposed into a wide range of 
hydroxides and aldehydes which are extremely volatile and their generation is suggested to 
cause deterioration of flavour of food and cellular damage in the body (Frankel 1991; 
Halliwell and Gutteridge, 1999). End products of lipid oxidation vary; this is 
predominantly because hydrogen abstraction can occur at different points oh the carbon 
chain of PUFA (Saeed et al., 1999). For example, oxidation of linoleic acid can occur on 
either carbon 9, 12, 13 or 16, which results in the formation of either 9-, 12-, 13- or 16- 
hydroperoxides. 9- and 16-hydroperoxide isomers occur at a higher percentage than 12-
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and 13-tiydroperocide isomers (Frankel 1961). This is because the 12- and 13- 
hydroperoxide isomers undergo a rapid 1,3-cyclisation to form a five-membered 
hydroperoxyepidioxide. This intermediate can either cyclise again to form 
bicycloendoperoxide which are structurally veiy similar to prostaglandins or can undergo 
cleavage to produce malonaldehyde and to give a positive thiobarbituric acid (TEA) test 
(Pryor et al., 1976) (Figure 1.5).
To evaluate the oxidative and flavour stability of unsaturated edible oils, it is necessary to 
know the structures of the oxidation products, their decomposition as well as the end- 
products generated and their volatility (Frankel, 1991). It is clearly demonstrated that 
PUFA lipid peroxidation is not a simple process. It is made up of a series of individual 
mechanisms, which give rise to a number of products. The degree of functioning of such 
mechanisms depends on internal and environmental factors such as availability of 
hydrogen donating species, presence of transition metal ions and oxygen availability.
1.5.3 Decomposition of hydroperoxides
Hydroperoxides can be fragmented by heterolytic or homolytic cleavage mechanisms 
(Frankel 1985). Homolytic cleavage generates alkoxyl radical intermediates and undergoes 
further carbon-carbon splitting. Homolytic cleavage of different hydroperoxide isomers 
forms different end products. For example cleavage of 13-hydroperoxide of methyl 
linoleate forms pentane and 13-oxo-9,l 1-tridecadienoate and cleavage of 9-hydroperoxides 
of methyl linoleate yields methyl octanoate plus 2,4-decadienal. Heterolytic cleavage of 9- 
hydroperoxides of methyl linoleate forms methyl 9-oxononanoate and heterolytic cleavage 
of 13-hydroperoxides of methyl linoleate yields hexanal as the final product (Frankel 
1991).
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Decomposition of hydroperoxides thermally or catalytically (for example in the presence of 
ferric chloride and ascorbic acid) also forms different end products. The main volatile 
decomposition products of methyl linoleate hydroperoxides are methyl octanoate, methyl 
9-oxononanoate, 2,4,7-decatrienal, 2,4-heptadienal, 2,3-hexanal and propanal (Frankel et 
al., 1987). Thermal decomposition is thought to produce more methyl octanoate and 2,4,7- 
decatrienal and less 2,4-heptadienal, methyl 9-oxononanoate and propanal, than catalytic 
decomposition. These end products although present at low levels, have an important 
impact on the flavour and biological effects of lipid oxidation (Frankel 1991).
1.6 Lipid oxidation and lipid protein interaction in fish
Oxidative rancidity is probably more important in fish than any other food because of the 
high level of PUFA and the number of potential initiator/promoters present. Oxidised lipids 
interact with proteins causing undesirable changes in the nutritional and functional 
properties of proteins. Lipid oxidation has been demonstrated to cause hardening of fish 
tissue proteins and make more elastic and insoluble complexes (Badii and Howell, 2002). 
Products of lipid oxidation also cause loss of specific amino acids (Roubal and Tappel, 
1996). Lipid oxidation or secondary metabolites Of lipid oxidation can enhance loss of 
enzyme activity, polymerisation, scission and formation of lipid-protein complexes 
(Howell et al, 2001; Dyer and Dingle, 1961; Sikorski et al, 1976; Shenouda, 1980; 
Sikorski et al., 1990; Sikorski and Kolakowska, 1994).
Lipid-protein interactions can occur via two mechanisms. The first mechanism involves 
condensation reactions which can occur between amino groups on proteins and secondary 
lipid oxidation products such as malondialdehyde. The second reaction involves 
condensation reactions between proteins and lipid oxidation products such as lipid free
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radicals or hydroperoxides, which subsequently results in the formation of protein-centred 
free radicals (Schaich and Karel, 1975; Saeed et al, 1999).
RHC=CHCHi-CH=CHR 
HOH
RH"C CH=CH<H=CHR<— >  RHC=CH/CH.CH=CHR<— >  RHC=CHCH=CH "CHR
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RHC-CH=CH.CH=CHR
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RHC=CH-CH,-CH=CHR
RHC=CH-CH=CH-CHR
I
RHC=CH."CHCH=CHR
RHC-CH=CHCH=CHR
5
RHC^CH<H;-CH=CHR
RHC=CH-CH=CH,CHR
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Figure 1.4: Schematic diagram showing lipid hydroperoxide formation. 
The reaction is initiated by free radical bis-allylic hydrogen abstraction 
(Schaich and Karel, 1975).
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1.6.1 Fish Proteins
Fatty acids not only influence juiciness, tenderness and aroma but the fatty acid anions also 
make the protein more stable against heat and freeze dénaturation. Generally, the structure 
of fish muscle is different from that of mammals and birds due to physiological and 
environmental differences between fish and other mammals or birds (Love, 1980; Bechtel, 
1986; Mackie, 1993). Appearance of a particular meat product such as fish plays a vital 
role in accepting that product as ready for consumption by consumer. The type of meat is 
often described by words like red or dark, and white or light. The colour of meat is due to 
the pigments contained in the muscle fibres and reflects the physical, chemical and 
morphological composition of the meat (Xiong, 1994). Therefore, muscles which are 
redder in colour contain more red fibres than those which are lightly coloured.
In meat processing red and white muscles produce different payabilities as judged by 
tenderness, juiciness, texture and flavour. Studies indicate that physicochemical differences 
exist between light and dark muscle, which can influence the functional behaviour of light 
and dark meat during thermal processing (Xiong, 1994). Although, factors contributing to 
such variations in the quality and functional property of red or white meat have not yet 
been fully investigated, recent studies suggest that different amino acids are found in 
different types of myosin which corresponds to different histochemical, biochemical and 
enzymatic properties and vary in degradation rate during storage (Xiong, 1994). The 
amount of protein in fish is influenced by the fat and water content and that the amount of 
fat and protein are inversely related. Lean fish that normally has a lower percentage of fat 
is shown to have a higher percentage of proteins and is thought to have better keeping 
qualities. The amount of flesh in fish varies with age, size, sexual state or season at which 
the fish was caught and the water content of that fish. This does not effect the nutritional
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quality of the fish but it does influence the cost of the fish. Therefore, it is more desirable to 
express the protein content of fish in terms of percentage of dry substance (Geiger and 
Borgstrom, 1962).
1.6.1.1 Muscle structure and protein groups
Meat is normally defined as the muscle or flesh of animals used as food, but its definition 
may also include other edible tissues. Muscles consist of well-structured fibres (Figure 
1.6), containing cell membrane, myofibrils, myoglobin, enzymes and other cellular 
components. Muscles from the same animal differ from each other in appearance, 
physiologic behaviour and histological staining property and are therefore, categorised into 
different types. The most common way in classifying different muscle types is based on 
their colour intensity, which is caused by different amount of myoglobin present in the 
muscle fibres. For example a muscle with higher degree of redness is referred to as red 
whereas, a muscle with a higher degree of whiteness is referred to as white muscle. 
Chicken leg and breast muscles are the best examples, indicating characteristics of red and 
white muscles, respectively. The earliest scientific literature published on the topic of red 
and white muscles was reviewed by Needham, 1926 (Xiong, 1994). Red muscles are 
involved in locomotion (for example, from leg and shoulder) and white muscles are more 
commonly involved in providing support (for example from the back).
Muscle fibres are classified on the basis of their histochemical properties. The staining is 
usually carried out on myosin or actomyosin ATPase. ATPase is located in the head of the 
myosin and is involved in actomyosin interactions and contraction and enzymes of aerobic 
and anaerobic energy metabolism (metabolic properties).
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Figure 1.6: Muscle fibre structure.
(Adapted from http://lansbury.bwh.harvard.edu)
Therefore, red muscle fibres can be classified as muscle fibres involved in oxidative 
activity and white muscle fibres as those involved in glycolytic activity (Xiong, 1994). 
There are also intermediate muscle fibres which display both glycolytic and oxidative 
activities. Connective tissue proteins comprise about 2-3% of the total proteins in most fish 
and the structural proteins such as myosin, actin, actomyosin, tropomyosin, actinin and 
troponin comprise from 70-80% of the total proteins o f fish muscle. Actin and myosin 
probably account for over 90% of the structural proteins with tropomyosin comprising 
most o f the remainder (Spinelli et a l,  1976). It is the structural protein that give fish 
muscle its characteristic physical properties, and it is also these proteins that have been 
successfully used to prepare functional isolates and derivatives (Spinelli et a l,  1976).
1.6.1.2 Sarcoplasmic proteins
The sarcoplasmic fraction of the muscle comprises a large family o f proteins that are 
soluble in water and dilute salt solution. This group may also include membrane proteins
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which are not soluble in sarcoplasm. Fish sarcoplasmic proteins like other animals, include 
myoglobin, enzymes (oxidoreductases, transferases, hydrolases, lyases and isomerases) and 
other albumines. The muscles of fish and other lower vertebrates contain large quantities of 
Ca2+-binding proteins called parvalbuminutes (Haard, 1992). Sarcoplasmic proteins 
normally comprise about 15-20% of the total protein in fish muscle. In pelagic fish such as 
mackerel and horse mackerel, the content of sarcoplasmic protein is generally higher than 
other less fatty fish (6.4-8.8 and 5.0-5.6 % respectively).
1.6.1.3 Myofibrillar proteins
There are approximately 20 different myofibrillar constituents which have been identified 
in the last 2 decades, of which myosin, actin, tropomyosin, troponin and a-actinin have 
been widely investigated.
1.6.1.4 Myosin
Figure 1.7 shows the structure of myosin myofibrillar protein. Myosin is a hexameric 
protein composed of four light chains and two heavy chains and it comprises 
approximately 40% of the total protein in mammalian skeletal myofibrils (Xiong, 1994; 
Love, 1980). The two identical heavy chains have a molecular weight of 200 kDa each and 
the four light chains have molecular weights ranging from 15 to 27 kDa. The two heavy 
chains can be cleaved by proteolytic enzymes into two segments; light meromyosin (tail or 
rod portion) and heavy meromyosin (head portion). Such fragmentation is essential in order 
to identify the biochemical and functional properties of the myosin molecule. The myosin 
head contains ATP, actin, and light chain binding sites and the myosin rod accounts for the 
self-association of myosin and formation of thick filament backbone. Myosin is encoded by 
genes that vary among species between red and white and also between skeletal and cardiac 
muscles thus producing different myosin isoforms (Xiong, 1994).
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Figure 1.7: Myosin structure. (Adapted from http://lansbury.bwh.harvard.edu). 
1.6.1.5 Actin
Actin (Figurer 1.8) is the second most abundant mofibrillar protein which comprises 15- 
30% of the total myofibrillar protein content of muscle. In skeletal and cardiac muscles, 
actin exists as double helical filaments composed of polymerised globular monomers with 
a molecular weight of approximately 43 kDa (Xiong, 1994). Actin, in contrast to myosin, is 
more stable during frozen storage (Connell, 1968; Sikorski, 1976; Shenouda, 1980).
G  Actin Troponin -C&++ b W m g
.Tropomyosin
F - Aclin
Thin Filament
Figure 1.8: Actin structure. (Adapted from http://lansbury.bwh.harvard.edu)
1.6.1.6 Tropomyosin
Tropomyosin is a dimeric protein with two different subunits known as a and (3- 
tropomyosin with molecular weights of 34 and 36 kDa, respectively. These subunits can 
combine together to form three possible dimers: a/a, (3/(3 and a/(3. The distribution of these 
three dimers varies in different muscles. For examples it is- suggested that the a/a
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homodimer is mostly found in white muscle, whereas, the a/p heterodimer is found in red 
muscle (Xiong, 1994).
1.6.1.7 Troponin
Troponin is made up of three different subunits termed, troponin-C, I and T with molecular 
weights of 18, 23 and 37 kDa respectively. Each of these subunits have isoforms found in 
both red and white muscle fibres. Each of the isoforms also have different variants. For 
example, troponin C has an isoform which binds calcium and is distributed at different 
levels in red and white muscle fibres which confirms different calcium sensitivity in these 
muscle fibres (Xiong, 1994).
1.6.1.8 a-Actinin
Actin filaments are connected to each other by z-bands or discs, which their major 
component is a dimeric protein with subunits of approximately 100 kDa, known as a- 
actinin. Once again different fibre types have different arrangement of these Z-bands. For 
example, red muscle fibres involved in oxidative activity have Z-bands which are wider 
than white muscle fibres involved in glycolytic activity (Xiong, 1994).
1.7 Implications of processing such as frozen storage of fish on 
proteins
During production, processing, distribution and storage, food undergoes deterioration from 
chemical and microbial processes. Oxidative deterioration of meat and meat products result 
from degradative reactions of fats in raw meat (Sanchez-Escalante et al, 2001). The 
mechanism, as mentioned earlier, involves two closely related deteriorative processes of 
peroxidation of PUFA and oxidation of oxymyoglobin to form metmyoglobin; which gives
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meat an unattractive brown colour (Chan et aL, 1997). Protein oxidation results in a 
number of changes in the muscle proteins primarily due to protein dénaturation (a process 
that changes molecular structure without breaking covalent bonds). The presence of many 
agents such as heat, pH and salt dénaturation can cause formation of protein-lipid 
aggregates. These affect the biological and functional properties of proteins, such as 
solubility of the myofibrillar proteins in salt solution (Saeed and Howell, 2002; Howell, 
1995; Badii and Howell, 2002).
Foods may be denatured, and their proteins destabilised, during freezing and frozen 
storage. When a suspension of membranes in a solution containing only one solute is 
frozen, water is converted to ice and solute concentration rises in the unfrozen part of the 
system which also contains the membranes. When the temperature is below the freezing 
point and the initial salt concentration is not high, ice crystals will separate from solution. 
As the temperature is further reduced the molar concentration of the salts increases and 
eventually extensive membrane damage is produced as the membrane is mechanically 
disrupted by mass of ice and solute crystals formed (DeMan, 1999). When freezing is slow 
the ice is formed outside of the membrane-enclosed spaces, and the membrane becomes 
exposed to increased solute concentration and responds osmotically, and the increased 
concentration of the solute can lead to loss of membrane function as a result of changes in 
biomembranes during freezing which are temperature dependent (DeMan, 1999).
When freezing is too fast ice formation takes place inside membrane-enclosed spaces. This 
is mechanically disruptive. Therefore the rate of freezing plays an important role in injury 
induced by freezing. During rapid thawing the membrane gets flooded very rapidly with 
large quantity of water from the melting ice. This results in osmotic expansion and if
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diffusion is too slow to transport water out, hypotonic stress is created in the vicinity of the 
melting ice while hypertonic stress persists in other parts of the system (DeMan, 1999).
Fish proteins particularly myofibrillar proteins are susceptible to destabilisation (Mackie, 
1993; Badii and Howell, 2002), and are shown to form aggregates during freezing or frozen 
storage of fish (Badii and Howell, 2002). Such aggregates were observed using SDS- 
polyaciylamide gel electrophoresis, where they were formed as high molecular weight 
aggregates on top of the gel and were not separated by SDS (Careche et aL, 1997). The 
initial step in the formation of aggregates involves hydrogen and hydrophobic binding, 
followed by covalent disulphide and non-disulphide bonding in the later stages of frozen 
storage. The study carried out by Badii and Howell (2002) strongly suggests that the 
textural changes in fish during frozen storage may be mainly due to ice crystal formation 
and the action of lipid oxidation products on proteins as discussed earlier. During the 
freezing of fish meat, formaldehyde is produced, along with dimethylamine, by enzymatic 
reduction of trimethylamine oxide. Formaldehyde is a highly reactive molecule that leads 
to inter- and intramolecular linkages between protein chains (Aubourg, 1997). Therefore, 
protein dénaturation and loss of quality of frozen fish have also been associated with the 
formation of formaldehyde.
1.8 Protein solubility and extractability
Solubilisation of proteins in salt solutions is an important physicochemical process for 
manufacturing of processed muscle foods. There are no standards for determining protein 
solubility, therefore, determination of protein solubility varies depending on protein 
concentration, centrifugal force and time. This subsequently results in variations in results 
determining protein solubility among fibre types from one study to another due to
30
differences in centrifugational conditions. In meat science literature, the term solubility and 
extractability are frequently used interchangeably, based on the assumption that once the 
protein is solubilised, it is possible to extract it from muscle fibres or myofibrils into the 
solution (Xiong, 1994).
White and red muscle fibres are shown to display different protein extractability when 
suspended in 0.6M sodium chloride (NaCl). These differences depend on postmortem 
storage time, the pH and the state of rigor of the muscle from which the myofibrils are 
isolated as well as the type and the concentration of divalent cations (Xiong, 1994). As the 
incubation time of protein in 0.6M NaCl at pH 6.0 is increased the solubility of both red 
and white myofibrila increases, suggesting that the solubility of myofibrils is time- 
dependent (Xiong, 1994). During the initial extraction period both white and red muscle 
myofibrils show an increase in solubility of proteins, which is faster in white myofibrils 
than the red myofibrils. Eventually the protein solubility reaches equilibrium where 
maximum solubility is reached for both white and red myofibrillar proteins (Xiong, 1994). 
The amount of proteins extracted from both white and red myofibrils also varies from one 
another as a result of differences between their structures, such as differences in the 
unltrastructure of Z-disc (greater width in red than white myofibrillar proteins) and M- 
protein isoform of structural protein (M-protein isoforms are more important than C- or X- 
protein isoforms, as the former provides transverse structural constrains to myosin 
extraction and is essential for the extraction of total myofibrillar proteins (Pette and Staron, 
1990; Pinter et aL, 1981).
The solubility of postrigor white myofibrilar proteins is greater than the prerigor white 
myofibrillar proteins and both prerigor and postrigor red myofibrillar proteins. However, in 
the case of red myofibrilar proteins, the protein solubility is greater in prerigor than the
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postrigor red myofibrilar proteins. This is possibly because of the presence of less 
actomyosin crosslinkages in the prerigor myofibrils to produce structural hindrances to 
extraction than the postrigor (Xiong, 1994). The solubility of white myofibrillar proteins is 
reduced on further addition of divalent salt, whereas, the solubility of red myofibrillar 
proteins is not affected in the presence of more divalent salts, suggesting that the solubility 
of white myofibrillar proteins is more sensitive to changes in pH as well as divalent cations 
than the red myofibrillar proteins (Xiong and Brekke, 1991).
Electrophoretic separation studies (using SDS and 5% polyacrylamide gels) of protein 
extracts exposed to oxidation show no increase in the low molecular weight fragments, a 
slight development of a very diffuse region centred at 100 kDa and the gradual loss of 
myosin band at 210-250 kDa (Taub et aL, 1979).
1.9 Antioxidant m echanism s against oxidative dam age
Antioxidants are thought to be the most efficient and economical means of preventing 
oxidation and rancidity of food (Perez-Mateos et aL, 2002). In order to delay lipid 
oxidation several synthetic antioxidants such as tert-butyl-4-hydroxyanisole (BHA) and 
tert-butyl-4-hydroxytoluene (BHT) have been widely used (Inatani et aL, 1983). However, 
consumers are becoming aware of the use of synthetic chemicals in foods and are more 
interested to use natural products. Ideally antioxidants should be odourless, colourless and 
non-toxic and should not interfere or alter the nutritional value of food products and should 
be effective at low doses. They are classified into two major groups of primary and 
secondary antioxidants. The former categorises those substances that act as free radical 
scavengers by donating a hydrogen atom to the free radical, hence, creating a less reactive 
and less toxic product. On the other hand, secondary antioxidants are those substances,
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which can inhibit the effects of pro-oxidants as well as enhancing the action of the primary 
antioxidants. There are different levels at which a good defence mechanism can function 
against oxidative damage by ROS, for example, by physically restricting the formation of 
free radical intermediates during oxidative metabolism, by reducing or inhibiting contacts 
between reactive radical species and substrates with the aid of transition metal ions, or 
using antioxidants.
There are two major mechanisms by which antioxidants are suggested to function. The first 
is the chain breaking mechanism by which the primary antioxidants donate an electron to 
the free radical present in the system. The second mechanism involves removal of reactive 
oxygen species by quenching chain-initiation catalysts which predominantly includes the 
secondary antioxidants. Primary antioxidants such as vitamin E and C can stop the chain 
reaction of lipid oxidation by donating an electron to the peroxyl radical (generated in the 
reaction between fatty acid radical and oxygen) of the fatty acid and therefore stop the 
propagation stage (i.e. formation of linoleic hydroperoxide or a new linoleyl radical) 
(Gordon, 1990; Esterbauer, 1995).
Secondary antioxidants such as rosemary acting primarily as metal chelating agents, are 
those compounds that can react with the initiating radical or reduce the oxygen level 
without generating reactive radical species. These compounds slow the rate of radical 
formation and hence lipid oxidation by means of initiator elimination. This is only 
accomplished by deactivation of high energy species such as singlet oxygen or absorption 
of UV light and reducing the concentration of oxygen. In this section the role of natural 
antioxidants as endogenous defence mechanisms against oxidative damage is emphasised.
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1.9.1 cc-Tocopherol (Vitamin E)
The first class of antioxidants includes phenolic compounds such as Tocopherol (vitamin 
E), (Figure 1.9). It is the principale fat-soluble antioxidant in the body and is found in 
lipoproteins, especially LDL. It is situated within membranes both inside and outside cells, 
enhancing the cell’s protection against free radical attack. This compound must compete 
with the unsaturated lipid substrate in order to be effective in protecting against 
autoxidation (Frankel 1991). It does this by donating a hydrogen atom to peroxyl adical, 
which results in generation of lipid hydropeoxide and less reactive tocopherol radical [2].
LOOgfvit.E-OH -> LOOH+vit.E-Og [2]
Phenolic antioxidants such as tocopherols are more effective in inhibiting lipid oxidation in 
linoleate-containing oils such as fish oil than linolenate-containing oil such as rapeseed oil 
(Frankel 1991). This is because the linolenate hydroperoxides in methyl linolenate in the 
presence of transition metals are more readily decomposed than linoleate hydroperoxides in 
methyl linoleate, and their free radical acceptor activity is also significantly diminished 
(Erben-Russ et aL, 1987). a-Tocopherol affects the relative amount of thermal 
decomposition products formed from linoleate hydroperoxides (Frankel and Gardner 
1989). a-Tocopherol as a hydrogen-donor compound diminishes the relative percentages of 
pentane and methyl octanoate and increases the relative percentages of hexanal and methyl 
9-oxononanoate, the latter two are the products of the homolytic or heterolytic cleavage of 
9- and 13-hydroperoxides of methyl linoleate, respectively, and the former two are the end 
products of homolytic cleavage of 13- and 9-hydroperoxides of methyl linoleate 
respectively. This suggests that a-tocopherol is capable of inhibiting and promoting 
homolytic and heterolytic cleavage of alkoxyl radical intermediate (Frankel 1991).
34
HO
ÇHCH CH
CHCH
Tocopherol Tocopherol R1 R2 R3
a 5,7,8-Trimethyltocopherol c h 3 c h 3 c h 3
P 5,8-Dimethy Itocopherol c h 3 H c h 3
Y 7,8-Dimethyltocopherol H c h 3 c h 3
5 8-Monomethyltocopherol H H c h 3
Figure 1.9. Chemical structure of tocopherols. 
Adapted from Kamal-Eldin and Appleleqvist, 1996.
It is also suggested that Vitamin E has both antioxidative and pro-oxidative function, 
increased levels of toxopherol result, upon subsequent oxidative stress, in increased levels 
of tocopherol radicals (Rietjens, et aL, 2002). These radicals can subsequently initiate 
processes of lipid oxidation by themselves. When antioxidant networks are balanced, that 
is, in the absence of oxidative stress, the pro-oxidant action of vitamin E radicals is 
inhibited by co-antioxidants which can reduce the radical back to vitamin E.
1.9.2 L-ascorbic acid (Vitamin C)
Ascorbic acid or Vitamin C, found predominantly in vegetables, fruits and animal organs is 
a multifunctional antioxidant. Vitamin C can act as an antioxidant, pro-oxidant, metal 
chelators and a reducing agent or an oxygen scavenger (Frankel, 1999). Vitamin C is a 
water soluble antioxidant and in the absence of metals and in high concentrations it can 
directly inactivate highly reactive oxygen species. Vitamin C participates in free radical 
reaction by donating an electron, which then quenches the reactive species and forms a less 
reactive ascorbyl free radical and a hydroperoxide; these are further reduced to form 
dehydroascorbic acid in the presence of another peroxy radical. Dehydroascorbate can be
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reduced back to ascorbic acid via glutathione pathway (Winkler et aL, 1994). Semi- 
dehydroascorbate can also be reduced to ascorbate by the enzyme semi-dehydrogenase 
reductase. As well as scavenging free radicals, ascorbic acid is also thought to be involved 
in regeneration of a-tocopherol by interacting at lipid/cytosol interface.
In addition to its well-established antioxidant properties, ascorbate can also act as a pro­
oxidant depending on the environment and condition in which the molecule is active 
(Halliwell, 1993). In the presence of Iron (III) ion vitamin C can convert this ion to its 
reduced form of iron (II) ion resulting in the formation of Superoxide anions and hydroxyl 
radicals. It was reported that vitamin C is even more efficient than transition metal ions at 
initiating the decomposition of for example 9,13-hydroperoxy, 11-octadecadienoic acid to 
unsaturated aldehydic bifunctional electrophiles. The mechanism for this function is 
suggested to be similar to that of the transition metals whereby they re-initiate lipid 
peroxidation and form species with much higher activity than the starting material (Vaya 
and Aviram, 2001).
1.9.3 Rosemary
It has been known for sometime that addition of herbs or spices to lipid-containing 
materials will delay the oxidation processes and rosemary is among those with the highest 
activity; the antioxidant action is due to their phenolic contents which is suggested to be 
similar to that of synthetic antioxidants (Perez-Mateos ef aL, 2002). The mechanism of 
action and protection of rosemary against oxidation is suggested to be due to the presence 
of active compounds, such as camosic acid, camosol and rosemanol (Inatani et aL, 1983; 
Sanchez-Escalante et aL, 2001). Antioxidant function of rosemary takes place primarily 
during the initial stages and more effectively during propagation stage of oxidation by
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scavenging peroxy radical. Inhibition is mediated by active phenolic compounds in 
rosemary acting as a free radical acceptor molecule, thus stopping the chain reaction. This 
mechanism increases the shelf-life of packaged fatty food. The compounds extracted from 
rosemary leaves have been shown to have both antioxidant and metal chelating activities 
like those observed in ascorbic acid (Basaga et aL, 1997).
1.9.4 Metal chelators (citric acid)
Metal chelators such as citric acid act as preventive antioxidants by complexing metal ions 
and therefore retarding free radical formation and hydroperoxide decomposition. Metal 
chelators are found to be particularly effective in inhibiting lipid oxidation in linolenate 
fatty acids, since linolenate hydroperoxides are more easily decomposed in the presence of 
metal catalysts. However, if used in combination with other antioxidants it causes 
synergism, which is a process by which the antioxidant effect of multicomponent systems 
is reinforced. Indeed, significant synergism is commonly observed between metal chelators 
and free radical acceptor antioxidants. Antioxidant synergism is particularly important 
between natural tocopherols and metal chelators such as citric acid (Frankel 1991). Another 
type of synergism is provided by reducing agents like ascorbic acid (vitamin C).
37
Camosol Camosic acid Rosmano!
OH
H O , H O ,
OH
Epirosmanol isorosmanof Rosmariqutrtone
.OH
HO
HO OH
Rosmaridtphenol Rosmarinlc acid
Figure 1.10. Structure of antioxidative compounds isolated from rosemary or sage 
(Adapted from Madsen and Betelsen, 1995).
1.10 Lipid peroxidation and cell proliferation in caco-2 cells
Autoxidation in food or lipid peroxidation induces oxidative stress. The levels of ROS or 
RNS in cells increases as a result of oxidative stress, this subsequently results in a number 
of changes in cellular responses in order to maintain a balance between oxidation and 
reduction. Such cellular responses can be critical as they involve making decisions in 
relation to cell death and survival. These cellular responses not only occur during oxidative 
stress but are also involved in cell differentiation and ageing processes. Damage to the 
membrane lipids as a result of oxidative stress causes several vascular disorders such as 
atherosclerosis, cardiovascuolar disease and ischemic injury.
The exact mechanism by which ROS induce such effects have not yet been fully 
understood, however, it is suggested that highly reactive and unstable secondary products 
of PUFA oxidation play an important role in mediating such tissue toxicity (Ames 1983; 
Winkler et aL, 1984; Spitz et aL, 1990). ROS can be generated intracellularly or 
extracellularly. Hydroperoxides and secondary PUFA oxidation products are generated 
intracellulary and they can initiate cellular responses via receptor ligand within the cell 
membrane. These intermediates are known to damage cells via protein dénaturation, 
enzyme inactivation, DNA damage and loss of membrane integrity. During PUFA 
oxidation ROS generated can cause protein cross-linking with lipid hydroperoxides and 
this subsequently reduces protein stability and enzyme activity. They can also interact with 
DNA molecules which results in DNA fragmentation and reduces DNA efficiency in 
repairing itself (Hsieh and Kinsella, 1989). This subsequently increases the chances of 
mutation and new growth.
One of the enzymes significantly affected by such cellular changes is the DNA repair 
enzyme poly (ADP-ribose) polymerase (PARP). Under normal conditions this enzyme is 
involved in regulation of the levels of ADP-ribosylate protein by splitting NAD+. Once the 
cell is stressed as a result of oxidation and redox imbalances and DNA is damaged, the 
activity of this enzyme increases significantly whereby, it results in the depletion of cellular 
concentration of NAD+, which then results in reduction of ATP and eventually cell death 
(Haussinger, 1996).
One of the secondary PUFA oxidation products involved in cellular damage is 4- 
hydroxynonenal (4-HNE) which is a major unsaturated hydroxy aldehyde and is believed to 
be responsible for the cytotoxic effects in mammalian cells (Esterbauer et aL, 1991; 
Halliwell and Gutteridge, 1999). Secondary oxidation products stimulate hepatic adenylate
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cyclase and phosphatidylinositol 4,5 bisphosphate (PIP2), phospholipase C (PLC), protein 
tyrosine kinase and protein tyrosine phosphatase activities (Jackson et aL, 2001). 
Activation of PIP2-PLC leads to formation of diacylglycerol (DAG) and inositol 
trisphosphate (IP3). An increase in the levels of (IP3) releases Ca2+ from the endoplasmic 
reticulum, while DAG activates Ca2+ / phosphotidylseroine-dependent protein kinase C 
(PKC).
These enzymes are involved in protein phosphorylation required for transmission of 
extracellular signals and presence of oxidants induces activity of protein kinases such as 
mitogen activated protein (MAP) involved in cell proliferation, differentiation and 
apoptosis (Fialkow et aL, 1994; Guyton et aL, 1996). This suggests that oxidants such as 
the secondary oxidation products of PUFA oxidation can result in activation of effector 
enzymes and result in generation of second messengers.
Oxidants can cause protein damage which not only results in inactivation of enzymes but 
also causes loss of ion-exchange transporter function in the cell, which subsequently causes 
cellular ion imbalances and changes in cell volume, membrane fluidity and membrane 
permeability (Haussinger, 1996). For example, in mitochondria during cellular ion 
imbalances caused by oxidation, the membrane permeability of mitochondria changes, 
whereby, the inner membrane starts to swell up. This then results in the leakage of 
intracellular components of mitochondria into the cytosol and uncoupling of the electron 
transport chain (Narabayashi et aL, 1982). The main outcome of such changes in 
membrane permeability is fluctuations in cytosolic Ca2+ which results in series of events 
leading to cell death, described below (Halliwell and Gutteridge, 1999).
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Imbalances in cellular ion concentration and changes in membrane permeability, damages 
plasma membrane Ca2+-ATPase pump, endoplasmic reticulum Ca2+-ATPase uptake and 
mitochondrial membrane. As the concentration of Ca2+ in the cytosol increases, the 
mitochondrial inner membrane pores open and result in osmotic gradient changes followed 
by decreased ATP synthesis. This causes blebbing of plasma membrane and its dissociation 
from the cytoskeleton. The contents of the inner membrane are then released to the 
extracellular environment and cell death occurs. The endonuclease enzymes involved in 
DNA synthesis also become activated which then results in excessive DNA fragmentation.
1.10.1 Cell death
Under normal conditions there are a number of ROS present in the cell involved in 
physiological processes such as phagocytosis. The level of these ROS is under control via 
the protective mechanisms such as enzymes like superoxide dismutase, catalase and 
glutathione peroxidase. However, during oxidative stress, there is an abnormal rise in the 
level of ROS which overcomes the protective mechanisms of these enzymes and their 
production exceeds the capacity of the tissue to catabolise them by detoxifying mechanisms 
which eventually results in cellular damage and cell death (Halliwell and Gutterdge, 1999). 
Cell death can be induced as a result of a direct damage by stimuli (necrosis), or can be 
induced via a programmed process, whereby, the cell activates its own ATP-dependent 
suicide mechanism (apoptosis).
1.10.1.INecrosis
Necrosis commonly occurs as a result of severe oxidant-induced injury in part of an organ 
or tissue, whereby, the contact and continuity with the neighbouring viable tissue is lost 
and ATP is depleted (Samali et aL, 1999). Morphological changes detected in cell
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undergoing necrosis include increase in cell size and organelle volume followed by loss of 
plasma membrane integrity, subsequently resulting in release of cellular contents into the 
extracellular environment via the same mechanism as mentioned above (Gores et aL, 
1990).
1.10.1.2Apoptosis
Apoptosis is commonly involved in the regulation of cellular homeostasis. It plays an 
opposite role to mitosis (cell division) in regulating cell population. During apoptosis, cell 
separates from its neighbouring cells and as it does that it shrinks because of the 
condensation of the nucleus and cytoplasm. The chromatin then condenses and the 
membrane loses its integrity. The dead cell fragments are then recognised and 
phagocytosed by neighbouring cells in tissue (Collin and Rivas, 1993). There are some 
cases where there is a decrease and complete absence or excessive rate of apoptosis. For 
example lymphomas are formed as a result of neoplastic growth when cell undergoes 
continuous growth and apoptosis is ineffective. Alternatively, apoptosis can function 
excessively causing loss of cells as seen in Alzheimer’s disease (Saikumar et aL, 1999).
Ca2+ ions appear to play a critical role in early stages of apoptosis. Increase in Ca2+ 
concentration as a result of cellular imbalances; activate endogenous endonucleases which 
proceed to fragment DNA of the cell. Ca2+ overload results in osmotic imbalances in 
mitochondria, which causes organelle to swell up. During swelling the outer membrane 
ruptures and this triggers mitochondria to release caspase-activating proteins such as 
cytochrome c and other caspase (a group of proteases, responsible to cleave many proteins 
in the cell) into the cytosol. Cytochrome c binds to protein activating factor (Apaf-1). 
Cytochrome c once bound onto Apaf-1 induces it to associate with procaspase-9 and 
activates caspase-9 which then initiates proteolytic caspases and eventually causes
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apoptosis (Green and Reed, 1998). It is suggested that cytochrome c is released through a 
large nonselective conductance pore which spans the inner and outer membrane of 
mitochondria (Luo et aL, 1998). This pore is opened by Bax proteins, which their 
expression is upregulated as a result of DNA damage due to apoptosis via the activation of 
the enzyme p53.
1.11 PUFA oxidation and toxicity in-vivo and in-vitro
Both epidemiological and experimental studies support a protective role for PUFA as 
discussed earlier. Food rich in PUFA such as fish or fish oil are known to reduce 
incidences of cancer such as colon cancer (Chang et aL, 1997). However, lipid oxidation 
and subsequent modification of lipids occurs significantly in food rich in PUFA that is 
linked with a variety of pathological events which are a result of reactive lipid degradation 
products such as hydroperoxides and secondary oxidation products formed during lipid 
oxidation. Indeed oxidised linolenic and linoleic acids generating monohydroperoxides and 
secondary oxidation products have been shown to cause mutagenesis in Ames Salmonella 
reversion assay (Ames, 1983). Several studies have shown that ingestion of oxidised 
PUFAs increase the uptake of oxidised LDL by macrophages and result in increased 
incidences of atherogenesis and can have pro-thrombotic effect due to increased production 
of platelets (Naruszewics et aL, 1987; Kritchevsky and Tepper, 1967; Giani et aL, 1985).
Although significant ingestion of severly oxidised lipids causes cellular damage, ingestion 
of moderate levels of oil in a healthy diet does not seem to have such adverse pathological 
effects (Kubow, 1992). The relationship between diet and cell proliferation or cell death 
depends on the mode of administration of the nutritional agent (Chang et aL, 1997). It is 
thought that PUFA hydroperoxides are scarcely absorbed by the GI tract and if they are
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present in the GI tract they are extensively metabolised by the glutathione (GSH) redox 
cycle to less reactive lipid hydroxides; GSH is oxidised to glutathione disulfide (GSSG). 
During catabolism of lipid hydroperoxides in the presence of GSH, the luminal 
hydroperoxides migrate down their concentration gradient into the cells leaving very little 
lipid hydroperoxides in the GI tract (LeGrand and Aw, 1998). Secondary oxidation 
products such as carbonyl compounds are more readily absorbed into the circulatory 
system as seen in rat model (Kanazawa et aL, 1985; Oaradda et aL, 1986). From early in- 
vitro studies carried out on PUFA and their corresponding break down products such as 
hydroperoxides, it has been shown that cyclic peroxides in the diet cause development of 
fatty degeneration, atrophy and necrosis (Iwoka and Perkins, 1978). However, it is 
important to note that all of these effects are seen with concentrations of oxidised lipids 
higher than those consumed in a well balanced diet (Kubow 1992). There is some evidence 
that mildly oxidised lipid hydroperoxides cause excessive DNA replication and cell 
proliferation in Caco-2 cells. Increasing the concentration of these hydroperoxides causes 
further redox imbalances as seen in a decrease in GSH/GSSG ratio in these cells. At very 
high concentrations of these hydroperoxides apoptosis was seen in cells (Goto et aL, 1998; 
Rhoads et aL, 1998).
1.12 Contaminants
1.12.1 Dioxins
The term dioxins is used to represent two groups of chlorinated organic compounds, 
polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated dibenzofurans (PCDF) 
which are related to each other (Figure 1.11). A total of eight carbon atoms in each 
molecule can carry chlorine substitution, which produces 75 possible isomers for PCDD
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and 135 for PCDF. These compounds are highly lipophilic and have low volatility and are 
extremely stable. They are considered to be extremely toxic and their toxicity varies greatly 
depending on their structure, therefore, different isomers also known as congeners display 
different toxicities, with ^,3,7,^-substituted ones being the most toxic. Humans are known 
to be less sensitive to these contaminants compared with animals, but generally they are 
known to exhibit acute toxicity, carcinogenicity and teratogenicity (birth defects).
PCDDs and PCDFs are mainly by-products of industrial processes (such as bleaching of 
paper pulp, and the manufacturing of some herbicides and pesticides) but can also result 
from natural processes like volcanic eruptions and forest fires. Waste incineration, 
particularly if combustion is incomplete, is among the largest contributors to the release of 
PCDDs and PCDFs in to the environment (SCF 2001; JECFA, 2002). Dioxins were first 
brought to public attention during the Vietnam War when the defoliant “Agent Orange” 
was used and during the Seveso accident in Italy in 1976. Dioxins generated as 
contaminants during chlorine bleaching of wood pulp in the paper and cardboard-making 
process not only lead to environmental contamination but also cause incorporation of these 
contaminants in the paper used for making of coffee filters, tea bags and milk cartons and 
other products (Schulz et al., 1990).
1.12.2 Polychlorinated biphenyls (PCBs)
PCBs are environmental contaminants which are widely distributed and are found as 
residues in food. PCBs are prepared by chlorination of biphenyl, which then results in a
Cl O- Cl
Figure 1.11. 2,3,7,8-tetrachlorodibenzo-p-dioxin.
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mixture of isomers that have different chlorine contents. PCBs unlike dioxins have been 
produced commercially for some five decades starting about 1920, by direct chlorination of 
biphenyl. They were produced as mixtures as individual congeners were hardly 
synthesised. The various commercial PCB-mixtures are characterised by their chlorine 
content; the brand names of which are known as Aroclor (produced in the USA), Clophen 
(produced in Germany), Phenoclor (produced in France), Fenclor (produced in Italy) and 
Kanechlor (produced in Japan). These mixtures were used in a wide range of applications, 
such as coatings, inks, flame retardants and paints, but its major uses were in electronic 
appliances, heat transfer systems and hydraulic fluids. Because of its persistent nature in 
the environment, many countries decided to stop its production in the 1970s and to ban its 
use in open applications. However, they may still be used in closed systems such as 
capacitors and transformers, but this use will decrease in time. Waste disposal in house 
holds and industrial places is the major source of PCB emissions into the environment 
(Baars et aL, 2004).
PCBs are very stable compounds and their degradation or decomposition is very slow. For 
example during the period 1929 and 1977, approximately 550 million kg of PCBs were 
generated in the USA. Their production was stopped after an incident in Japan during 1968, 
where a serious poisoning occurred as a result of PCB contamination. However, large 
amount of PCBs are still found in transformers and can enter the environment for many
Cl Cl
Cl
Figure 1.12. Structure of PCB 126 
(3, 3’, 4 ,4 ’, 5-pentachlorobiphenyl).
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years to come. The FDA guideline for dioxin and PCBs in fish are 25 parts per trillion (ppt) 
and was reduced from 5 to 2 parts per million (ppm) respectively.
Dioxins and PCBs enter the environment once emitted to the atmosphere from aerial 
depositions onto soil, water and plants during combustion processes (Webster and Connett, 
1989). The fate of such compounds in the environment is illustrated in Figure 1.13. They 
are insoluble in water and therefore, are not washed into surface water. Because of their 
lipophilic nature and their chemical stability and resistance to biodégradation they 
accumulate in matrices rich in organic matter such as soil or aquatic sediment for many 
years (Webster and Commoner, 1994). Once present in the aquatic environment as a result 
of contamination from sewage effluents or deposition from the atmosphere, they can be 
discharged to rivers or sea, and can be taken up into the food chain Figure 1.14. These 
compounds are stored in fatty tissue and are not actively metabolised or eliminated. The 
half-life of 2,3,7,8-TCDD absorbed in a single dose has been shown to be approximately 7- 
9 years for humans and 2-4 weeks for rodents (Boersma, 2001). Because of this they are 
also more likely to be found in fatty foods such as meat, fish and dairy products.
1.12.3 Mechanism of action
The toxicokinetic of dioxins and other related polychlorinated contaminants depends on 
three properties: lipophilicity, metabolism and binding to CYP1A2 in the liver. Aryl 
hydrocarbons (Ah) receptor is predominantly involved in mediating the biological effect of 
such organochlorinated contaminants and changes in the main biochemical and cellular 
functions of this receptor forms the basis of contaminant toxicity. This receptor is located 
in the hepatocytes and is involved in regulation of endocrine system and hormone 
homeostasis. Once the receptor is activated in the presence of the
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ligand (e.g. dioxin) in the cytoplasm, it is then translocated into the nucleus via the 
translocator and once in the nucleus it causes enhancement of transcription o f a series of 
genes containing the responsive elements in their promoter regions which then results in 
DNA synthesis and mRNA transcription and translation into the cytoplasm and eventually 
activation of drug-metabolising enzymes, such as cytochrome P4501A1, 1A2, 1B1, 
glutathione-S-transferase and UDP-glucuronosyl transferase. All o f the above mechanism 
results in endocrine and paracrine disturbances and alterations in cell functions such as 
growth and differentiation (Van den Berg, 2000).
RAIN-OUT I
.  X *
X
ADSORPTION
j AERIAL TRANSPORT]
VOLATTUZATSON
BIODEGRADATION
Figure 1.13. Fate of polychlorinated contaminants in the environment, 
scanned from pollution paper NO 27; Dioxins in the environment.
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Figure 1.14. Movement of polychlorinated contaminants through the food chain.
Scanned from pollution paper NO. 27; Dioxins in the environment.
1.12.4 Toxic Equivalent
2,3,7,8-TCDD is considered to be the most toxic of the polychlorinated contaminants, most 
of the toxicological studies are carried out on this compound alone. The system of toxic 
equivalents (TEQ) is designed in a way so that it measures the toxicity of less toxic 
congeners as a fraction of the toxicity of 2,3,7,8-TCDD (Safe, 1999). In order to do this, 
the system takes into consideration all the toxicological, in-vitro biological data, and any 
information regarding structural similarities among these compounds. It then generates a 
set of factors among which each individually express the toxicity of a particular 
contaminant in terms of the equivalent amount of 2,3,7,8-TCDD. The 2,3,7,8-TCDD toxic 
equivalent is then calculated by multiplying the concentration of polychlorinated
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contaminant by the toxic equivalent facto or toxicity equivalent factor (TEF). In mixtures 
of several toxic compounds, total TEQ is taken to be the sum of individual TEQs. This 
method assumes there are no toxicological interactions between the individual congeners of 
dioxins and furans.
It is extremely difficult to measure accurately the exposure of individuals in the population 
as there are a number of different routes of exposure and these chemicals are also present at 
low levels, close to the analytical limit of detection. For the vast majority of the people it is 
clear that the most common route of exposure to such chemicals is via food. However, it is 
important to remember that food is only contaminated due to the general contamination of 
the environment with these chemicals. Contamination of food by a variety of such 
persistent organic chemicals is a global problem, which has resulted in human exposure 
throughout all phases of development. PCBs have been detected in amniotic fluid samples 
from India at an average concentration of 0.131 pg/g lipid (Rao and Banerji, 1988).
Developing foetus/infants are highly susceptible to environmental contaminants due to a 
combination of both the inherent vulnerability of developing organs and the timing and 
extent of exposure (Feeley and Brouwer, 2000). Exposure to organic contaminants begins 
prior to conception and continues throughout gestation and during the neonatal stage via 
breast-feeding. In this chapter a number of experiments were carried out on a number of 
underutilised fish obtained from developing countries mainly African countries to 
investigate the presence of any dioxins or furans in such species of fish.
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2,3,7,8,-TCDD 1 2,3,7,8-TCDF 0 . 1
1,2,3,7,8-PeDD 0.5 2.3.4.7.8-PeCDF
1.2.3.7.8-PeCDF
0.5
0.05
1,2,3,4,7,8-HxCDD " 1,2,3,4,7,8-HxCDF
1.2.3.6.7.8-HxCDD
1.2.3.7.8.9-HxCDD -
» 0 . 1 1,2,3,7,8,9-HxCDF
1.2.3.6.7.8-HxCDF
2.3.4.6.77.8-HxCDF ^
>- 0 . 1
1,2,3,4,6,7,8-HpCDD 0 . 0 1 1.2.3.4.6.7.8-HpCDF 1
1.2.3.4.7.8.9-HpCDF -J
0 . 0 1
1,2,3,4,6,7,8-OCDD 0 . 0 0 1 1,2,3,4,7,8,9-OCDF 0 . 0 0 1
Table 1.3: International Toxic Equivalent Factors (I-TEF).
These I-TEFs are for the congeners of concern proposed by the NATO committee on 
challenges to modem society which is widely accepted. This method assigns TEFs only to the 
2,3,7,8-substituted compounds as they are considered to be toxicologically significant.
1.13 Objectives
• To characterise the nutritional properties and proximate composition of mackerel 
and horse mackerel.
• To elucidate of the Effects of Freeze-Drying on Lipids of mackerel and Horse 
mackerel by FT-Raman Spectroscopy.
• To determine the effects of natural antioxidants on freeze-dried mackerel lipids and 
proteins stored at 22°c for 16 weeks.
• To determine the effects of natural antioxidants on freeze-dried stored food product 
formulated using horse mackerel for developing countries.
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• To assess cytotoxicity of oil extracted from stored freeze-dried food product 
formulated using mackerel with and without the use of antioxidants, in cultured 
colonal human intestinal cancer caco-2 cells.
• To investigate dioxins, dioxin-like PCBs and non-dioxin like PCBs in marine fish: 
occurrence and dietary intake in the developing countries.
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CHAPTER TWO
2. Materials and methods
The methodology used to measure the end product of lipid oxidation predominantly 
depends on the end product generated, and because the end products can vary, a variety of 
biomarkers and methods can be used. Hence, the use of more than one biomarker is 
ultimately more desirable and necessary to achieve significant data. Many analytical 
methods for the measurement of lipid oxidation have been reported in the literature 
(Lundberg, 1962; Gray, 1985; Chan and Coxon, 1987; Rossell, 1989).
2.1 Materials
mackerel and horse mackerel were supplied by M & J Seafood, Famham, UK. Citric acid, 
starch, glacial acetic acid, hydrochloric acid, chloroform, sodium di -hydrogen 
orthophosphate, disodium hydrogen orthophosphate, sodium chloride, methanol, absolute 
ethanol, sodium hydroxide, acetonitrile, hexane, acetone, concentrated sulphuric acid, 
Kjeldhal catalyst (selenium tablets), anhydrous sodium sulphate and boric acid were 
obtained from Fisher Scientific, Loughborough, UK. 0.1 N sodium thiosulphate, saturated 
potassium iodide solution, 0.1 N, 0.002 N potassium iodate, protein assay Bradford 
reagent, bovine serum albumin, ammonium thiocyanate, ferric chloride, ferrous chloride, 
1,1,3,3-tetraethoxypropane, BHA, vitamin C (Ascorbic Acid), Vitamin E (a-Tocopherol), 
rosemary, thiobarbituric acid, phase gel blue R, glycerol, 0.5M tris-hydrochloric acid, 
Bomophenol blue, mercaptoethanol and methyl red agent, protein standards, 13- 
hydroxyeicosatetraenoic acid (13-HETE), 13-hydroxyoctadecadienoic acid (13-HODA), 
sodium methylate and methyl tetrabutyl ether (MTBE) were all purchased from Sigma- 
Aldrich Company Ltd, Dorset, UK. PSA bond elute cartridges were obtained from Varian
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Ltd, Surrey, UK. PhastGel homogenous 12.5 gels containing less than 0.2% Aciylamide 
and PhastGel SDS buffer strips were used and provided by Amersham Pharmacia 
Biosciences.
The oven used in the moisture content determination was a Beschickung- Loading model 
100-800, Germany. The gas chromatograph used for fatty acid analysis was from Agilent 
Technologies, model 6890N with a Network GC system, San Jose, CA, USA. The 
spectrophotometer used for protein determination and peroxide value measurement was 
Kontron Instrument Uvikon spectrophotometer 860. The liquid chromatography mass 
spectroscopy used for TBARS determination was a Thermo Finnigen product from Thermo 
Electron, LCQ Deca XP plus, with a surveyor LC system and X-Calibur software, San 
Jose, CA, USA. The high performance liquid chromatography column used for 
hydroperoxide measurement was Hichrome Kromasil 5C18 column (4.6 mm in diameters x 
25 cm) on a UV detector at 234 run wavelength. The high performance liquid 
chromatography column used for TBARS determination was a Luna 5\i phenyl-hexyl 150 x 
30 mm column. All standards and samples for TBARS and hydroxide measurements were 
run on P2/UV6000, SN 4000 HPLC.
2.2 Methods
The proximate composition of fish was determined according to the AOAC (1995) 
methods.
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2.2.1 Proximate analysis
2.2.1.1 Moisture
A dried moisture dish (7-10 cm in diameter) together with a small glass rod were placed in 
the 100°C oven for 30 minutes, cooled in a desiccator and weighed. Chopped fish samples 
were weighed out accurately (5 ± O.lg) into the dish. The sample was evenly spread over 
the base of the dish with the glass rod. The dish with the glass rod was left overnight in an 
oven at 100°C. The samples were then removed and cooled in the desiccators and weighed. 
The loss in weight taken as the moisture content and was determined as shown follows:
% Moisture = — x 100 
fV
[3]
where, A is the weight loss of sample on drying at 100°C and W is the weight of the 
sample.
2.2.1.2 Crude protein
Crude protein was determined by the Kjeldahl method (AOAC, 1995), which is based on 
the digestion of the sample with hot concentrated sulphuric acid in the presence of a 
metallic catalyst. Organic nitrogen in the sample is reduced to ammonia; this is retained in 
the solution as ammonium sulphate. The digest is made alkaline, and then distilled to 
release the ammonia. The ammonia is trapped in dilute acid and titrated.
Samples (2 g) were homogenised and then transferred to a digestion tube. Sulphuric acid 
0.05 M (25 ml), one tablet of the catalyst (5 g K2SO4; 0.15 g CuS04. 5H20; 0.15 g Ti02) 
and K2S04 (1 g) were added to each sample. Further (10 ml) sulphuric acid was added. The
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mixture was mixed well and left for a few minutes. The tube was placed in the digester 
(previously heated to 370-420°C, prior to the start of the experiment) and a venting tube 
was attached to remove the acid vapour. The digestion was allowed to continue for 1 hour 
and 45 minutes until the mixture turned clear. The tubes were removed and left to cool for 
10 minutes. Distilled water (75 ml) was added and 4 % w/v boric acid (35 ml) solution was 
placed in a titration receiver flask. When the mixture was cooled, the tube was attached to 
the distillation unit. The ammonia was removed by steam distillation and was collected in 
the flask containing boric acid and a few drops of methyl red indicator solution (0.125 g 
methyl red and 0.082 g methylene blue per 100 ml ethanol) was titrated against 0.05 M 
sulphuric acid. A blank sample was also prepared.
The amount of nitrogen was calculated from the relationship of 1 ml of 0.05 M 
H 2 SO 4 = 0.0007 g of nitrogen, and %N was calculated from the following equation:
<y 100(ml of titrant of sample -  ml of titrant of blank) 0.0007
g of sample
[4]
Crude protein was calculated from N x factor specific for different products. In meat 
products the factor is 6.25, thus, % protein = 6.25-N.
2.2.1.3 Crude lipid determination
Lipid content was determined using Soxhlet extraction method. The free lipid content and 
free fatty acids can be determined by extracting the dried material with a light petroleum 
fraction in a continuous extraction apparatus. The solvent is distilled off and the extract is 
dried and weighed.
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Fish samples (3 g) were weighed in triplicate into the thimbles and a defatted cotton plug 
was put on the top of the sample. The thimbles were inserted into the condensers; each 
knob was moved to the boiling position. To six extraction cups were added boiling chips 
and 30 ml of the solvent (petroleum ether 60 - 80°C). The samples were extracted by 
boiling for 3 hours after which the extraction mode knobs were moved to the rinsing 
position. After rinsing, the remaining solvent was collected in the condenser and 
evaporated. The thimbles and cups weighed and the weight of the lipid was determined by 
difference.
2.2.2 Detailed lipid analysis
2.2.2.1 Lipid extraction by the Bligh and Dyer method
Portions of fish (10 g) were homogenized for one minute with a mixture of chloroform (20 
ml) and methanol (40 ml). A further aliquote (20 ml) of chloroform was added and the 
mixture was homogenized for another 30 seconds. This was followed by addition of water 
(20 ml) and further homogenisation for another 30 seconds. The final mixture was 
centrifuged at 3000 g, the bottom layer was collected in a flask and the organic extract was 
evaporated using rotary evaporator. This method was further modified to reduce any 
possible cause of further oxidation. The modifications were as follows:
Sample (10 g) was weighed and the weight was recorded and placed in centrifuge 
container. Methanol (40 ml) plus chloroform (20 ml) were poured. The mixture was 
vigorously swirled using a pellet for one minute. MilliQ water (20 ml) was poured into the 
mixture whilst swirling, and mixed for another 30 seconds. Chloroform (20 ml) was added 
and the mixture was continued to mix for a further 30 seconds. 1% sodium chloride (20 ml) 
was added and the solution was mixed for another 30 seconds. The mixture was kept in
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dark at 4°C until ready. Once all samples were ready, the mixture was centrifuged at 3000 g 
for 5 minutes.
After centrifugation the upper layer was removed for PV analysis. 5 ml was removed and 
placed in previously cooled beaker in desiccators and the chloroform was evaporated off. 
The beaker was then placed back in the oven and left for one hour to ensure complete loss 
of chloroform. The solution left in the beaker was the lipid extracted. The percentage of fat 
in that 5 ml was calculated and hence, the percentage of fat in the whole sample was 
calculated using the value obtained from 5 ml and the weight of the sample. This new 
method provided a faster and more reproducible method for extraction of lipids by using a 
stirring machine instead of a blender in order to homogenize the fish samples using the 
same volume of the solvents as explained above. The samples at the end were centrifuged 
as explained above and the chloroformic layer was evaporated under oxygen free nitrogen 
without the use of rotary evaporator.
2.2.2.2 Fatty acid profile by Gas Chromatography
GC-MS is one of the most widely used techniques to investigate structural changes in fatty 
esters during auto oxidation. Although, this technique has complex protocols to obtain the 
relevant analytes suitable for GC-MS analysis, it provides favourably and substantially 
high sensitivity, allowing analysis of those chemicals which cannot be carried out by any 
other available methods. A typical derivatisation protocol for fatty acid hydroperoxides 
involves reduction of the double bonds and hydroperoxides, saponification of the glycerol 
and cholesterol esters, estérification of the carboxylic acid and silylation of the hydroxyl 
group.
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Transestérification was performed according to Schmarr et al, (1996). Sodium methylate 
diluted with MTBE (4:6 v/v) was added to the oil and mixed by vortexing for one minute. 
The mixture was allowed to stand for one hour. After one hour, 2 ml of water and 5 ml of 
chloroform was added. The mixture was then shaken for one minute and after five minutes 
of centrifugation at 3000 x g to facilitate phase separation; the upper layer was removed 
with a Pasteur pipette. An aliquot (2 ml) of 1% (v/v) of citric acid in water was added to 
neutralise excess alkali. The sample was shaken, centrifuged and the aqueous phase 
discarded. The chloroform extract was evaporated under a stream of nitrogen in a warm 
water bath until the volume was reduced to 200 pi.
The prepared fatty acid methyl esters (1 pi) were then injected into an Agilent gas 
chromatograph with a hydrogen flame ionisation detector using helium as a carrier gas. An 
initial temperature of 180°C for 4 minutes was raised to 250°C at a rate of 4°C/minute. 
Standard reference fatty acids were also chromatographed to identify the individual fatty 
acids.
2.2.2.3 FT-Raman spectroscopy
The Raman scattering of samples placed in 7 ml glass containers (FBG-Anchor, London, 
UK) was measured at ambient temperature on a Perkin Elmer System 2000 FT Raman 
spectrophotometer with excitation from an Nd:YAG laser at 1064 nm. Frequency 
calibration of the instrument was performed using the sulfur line at 217 cm'1. The analysis 
was carried out in triplicate. The recorded spectrum was analysed using Grams 32 software 
(Galactic Industries Corp., Salem, NH). The oil spectra collected were baselined, and the 
intensity was normalized on 2855 cm-1 for oil (Marquardt et al, 2004). Assignments of the 
bands in the spectra to protein or oil vibrational modes were made on the basis of the
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literature (Marquardt et al, 2004; Sadeghi-Jorabchi et al, 1991; Agbenyega et al, 1991; 
Aslanian et al, 1986; Yager and Gaber, 1987).
2.2.2.4 Peroxide value by spectrophotometric method 
Preparation of the standard curve
During lipid oxidation, the first main products formed are peroxides. Peroxide value test is 
a measure of these peroxides in oil. Techniques used to measure the peroxide value are 
based on their ability to liberate iodine from potassium iodide or to oxidise ferrous to ferric 
ions. The peroxide value is expressed as milliequivalents of oxygen per kilogram of fat 
(Pearson, 1991). Fresh oil has a peroxide value of approximately below 10 mEq/kg. Once 
this value goes up to between 20 and 40 mEq/kg, changes in oil in particular in the taste are 
noticed. Although this method has been used regularly to determine the peroxide value of 
many oils, its accuracy is questionable as the results vary with changes in the procedure 
and the method has been shown to be highly sensitive to changes in the temperature. A low 
peroxide value can be detected at the veiy early or very late stages of lipid oxidation, due to 
formation and decomposition of peroxides to volatile compounds respectively. The 
decomposition exceeds their rate of formation, resulting in a low peroxide value (Coppen, 
1989).
The Peroxide Value (PV) was measured in freshly extracted oil from freeze-dried fish by 
the method described in Egan, Kirk and Sawyer, 1991.
The analysis was undertaken in triplicates. A serial dilution of ferric chloride in 10ml screw 
cap tubes was prepared n volumetric flasks as follows:
60
100 mg of ferric chloride was made up to 100 mis in 3.5 % hydrochloric acid (HC1) to give 
1 mg/ml (STD A).
8 ml was removed from STD A and placed in a volumetric flask and made up to 10 ml with
3.5 % HC1 to give 0.8 mg/ml (STD B).
6 ml was removed from STD A and placed in a volumetric flask and made up to 10 ml with
3.5 % HC1 to give 0.6 mg/ml (STD C).
2.5 ml was removed from STD B and placed in a volumetric flask and made up to 5 ml
with 3.5% HC1 to give 0.4 mg/ml (STD D).
2.5 ml was removed from STD D and placed in a volumetric flask and made up to 5 ml
with 3.5 % HC1 to give 0.2 mg/ml (STD E).
t
10 ml was removed from STD A and placed in a volumetric flask and made up to 100 ml 
with 3.5 % HC1 to give 0.1 mg/ml (STD F).
Standard G has no ferric chloride, therefore, only 3.5% HC1 was used.
From each standard a volume of 100 pi was removed in triplicate and placed in a screw 
topped round bottomed tube containing absolute ethanol (5 ml) and hexane (200 pi). The 
mixture was then vortexed. Prior to reading the absorbance, 30% ammonium thiocyanate 
(100 pi) was added to each tube and vortex mixed for exactly three minutes, before 
reading the absorbance at 500 nm (Kontron Uvikon 860 spectrophotometer) Absolute 
ethanol was used to auto-zero the spectrophotometer.
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Preparation of samples
mackerel oil (10-15 pi) was weighed in a 10 ml screw capped tube and dissolved in hexane 
(100 pi). To this, absolute ethanol (5 ml) and ferrous chloride solution (100 pi) (40 mg of 
ferrous chloride in 10ml 3.5% HC1) were added and vortexed for 20 seconds. Prior to 
reading the absorbance, 30% ammonium thiocyanate solution (100 pi) (w/v n distilled 
water) was added to the tube and vortex mixed for exactly three minutes, before reading the 
absorbance at 500 nm. A blank solution of hexane (200 pi), absolute ethanol (5 ml) and 
ferrous chloride (100 pi) was also analysed as above. The following equation was used to 
calculate the peroxide value PV (in milli-equivalents of oxygen per kg of sample):
p y  Abs, -  Absb - C
55.84mgradms [5]
With Abss and ms the absorbance and mass of the sample, respectively, Absy the 
absorbance of the blank, C the intercept of the standard curve and the slope of the 
standard curve.
2.2.2.S Peroxide value by titration
Air was expelled from a conical flask using nitrogen free oxygen gas. Chloroformic layer 
(5 ml) obtained during lipid extraction was evaporated off under oxygen free nitrogen gas. 
Once fully evaporated 10 ml of chloroform was added to the oil and washed into the flask. 
15 ml of acetic acid was added to the flask. Potassium iodide (1 ml) was added, the flask 
was closed and swirled to mix the solution and placed in the dark cupboard. Milli Q water 
(75 ml) was added after one minute and starch solution (1 ml) in water (1 %) was added as 
an indicator. The mixture was titrated with diluted 0.0025 M sodium thiosulphate solution.
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A control flask without the oil was run alongside the sample. The peroxide value was 
calculated as follows:
r , 1000(a-6)<
w
[6]
with a and b the volume of sodium thiosulfate solution used in the sample and blank, 
respectively, t the concentration of thiosulfate solution and w the weight (g) of sample 
used.
1.2.2.6 Thiobarbituric acid reactive substances (TBARS) analysis using high 
performance liquid chromatography (HPLC)
Principle
Several methods based on HPLC or GC-MS have been developed to qualitatively and 
quantitatively measure the aldehydes in tissues, cells and cell fractions exposed to various 
pro-oxidative stimuli. Medium and short chain aldehydes are intensively studied because 
they are responsible for the unpleasant rancid off-flavour of deteriorated fats, oils and fat 
containing foods (Vaya and Aviram, 2001). Hydroperoxides formed during early stages of 
lipid oxidation are highly unstable; hence, they are easily broken down to hydroxy 
compounds during the second stage of oxidation. All lipid hydroperoxides derived from 
PUFA contain a conjugated diene system -CH=CH-CH=CH-CH (OOH). This structural 
element has a characteristic UV light absorbance at 234 nm. Measurement of this 
absorbance allows detection of lipid hydroperoxides and hydroxides. Although this method 
is useful for quantifying lipid hydroperoxides, it provides veiy limited information on the 
structure of hydroperoxides and their degradation products. If the effluent from an HPLC
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fractionation is introduced into a mass spectrometer the ions are detectable; therefore, a 
combination of HPLC with MS provides fragmentation and structure confirmation 
(Lehmann, 1996). The high performance liquid chromatography (HPLC) technique used to 
detect the breakdown products of hydroxyperoxides, was developed by Saeed and Howell 
(1999).
One of the most common products formed during hydroperoxide degradation is a three- 
carbon dialdehyde with carbonyl groups at the C-l and C-3 positions referred to as MDA. 
The TEA test is one of the most common tests used for quantification of MDA. This is 
done by determining the rancidity in lipid-containing foods, in particular animal foods. 
Lipid oxidation values are reported as mg of malondialdehyde/kg (or ppm) of oil. Kohn and 
Liversedge (1944) observed the oxidation of brain tissue. In their experiment they heated 
the aerobically oxidised brain tissue in an acid solution with ^-thiobarbituric acid. This 
reaction produced a brilliant red colour by a carbonyl compound with a maximum 
absorption at 532 nm. This discovery led to further experiments and reports investigating 
the TEA reaction and formation of the complex (Bemheim et al, 1948). It was suggested 
that the TEA reaction is caused by a low molecular weight compound such as MDA, but 
due to the instability of MDA and lack of a suitable standard it was not possible to prove 
such theory. This was made possible with the use of a newly available compound 1, 1,3, 
3 ,-tetraethoxypropane (TEP) which is hydrolysed under mild acid conditions to obtain 
MDA and ethanol. The MDA formed can then react with TEA to give the red colour 
(Sinnhuber and Yu, 1958a; Sinnhuber and Yu, 1958b). Hence, TEP can be used as a 
standard for quantitative determination of MDA in products in relation to oxidation.
The TEA test has proven highly sensitive and useful as a method for monitoring lipid 
peroxidation and oxidative damage in many systems under a variety of conditions. In order
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to overcome some existing problems and limitations in the assay, a number of 
modifications and adjustments can be carried out. For example Butylated hydroxytoluene is 
added to the reaction mixture during heating under acidic conditions to reduce oxidation of 
any non-peroxidised PUFA in the sample. Another example of the modification of the 
method is the use of HPLC to separate MDA-TBA adduct from interfering chromogens. In 
this thesis the TBA reaction has been modified where it can be monitored instrumentally 
with high performance liquid chromatography (Saeed and Howell, 1999; Kakuda, et al, 
1981; Bird et al, 1983; Schmedes and Holmer, 1989; Tatum, et a l, 1990; Draper and 
Hadley, 1990). This method is specific for free malondialdehyde and does not measure 
“malondialdehyde-like” substances. The main problem associated with identifying food 
components using HPLC is the extraction procedure that is often required prior to HPLC to 
isolate the compounds of interest in a pure state.
Method
A standard curve was prepared from tetraethoxypropane (TEP) solution to give dilutions 
containing the equivalent of 100, 10, 1, 0.1, 8, 6, 4, 2, 0.8, 0.6, 0.4, and 0.2 pg/ml 
malondialdehyde. Fish oil (15 jil) was weighed into 10 ml screw cap tube. 100 pi of BHA, 
150 pi of 25 % HC1, 750 pi of distilled water and 150 pi of 1 % TBA were added to the oil. 
The mixture was vortexed for 20 seconds. 100 pi of BHA, 500 pi of 25 % HC1 followed by 
500 pi of 1 % TBA were added to all of the standard tubes and the mixture was mixed 
thoroughly for 20 seconds.
All the samples and standards were incubated in a water bath at 80°C for 30 minutes. After 
30 minutes they were allowed to cool down to room temperature. Once cooled butanol (2 
ml) was added to each standard and sample and were vortexed for 20 seconds. The final
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mixture was centrifuged at 3000 g for 10 minutes using Beckman J6 centrifuge tubes. The 
pink layer was transferred into a clean 10 ml screw capped tube. The tubes were placed in a 
water bath at 37°C and were dried under oxygen free nitrogen. Dried standards and samples 
were dissolved in 50% water and 50% acetonitrile solution (1 ml) and were vortexed for 20 
seconds. An aliquot (100 pi) was injected onto the HPLC (spectra system AS3000) for 
analysis. A kromasil KR100 5C18 column, Hichrom Ltd, Reading, Berks, UK was used 
and the sample was eluted with an isocratic solvent 50% triethanolamine (0.1%) in 
acetonitrile and 50% water.
Method development for TBARS using LCMS
Using the HPLC conditions described above the peak of interest was not detected in the 
chromatogram as eluted at an earlier time with the solvent peak. In order to elute the peak 
of interest later and separate t from the solvent front a number of trial experiments were 
carried out in order to choose the most suitable chromatographical conditions. The 
problems associated with this method include:
• Early retention time of 5 minutes.
• Large area under the peak
• No solvent front
A standard solution was run on an LCMS. LCMS is a sensitive technique which allows the 
identification of the parent peak and the scanning of different wavelengths to look for 
compound of interest, in this case malondialdehyde (MDA). Fragmented peak allows 
identification of other compounds present in the sample. Figure 3.3 shows the 
chromatogram of standard solution (10 pg/ml) prepared as explained in section 3.3.9. The 
first chromatogram shows the MDA peak eluting at approximately 15 minutes and the 
second chromatogram shows the molecular weight of the parent compound which was
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MDA-TBA adduct at 324.3 g. This HPLC method was of long duration of 30 minutes, and 
was shortened for the LCMS method to 20 minutes to improve the efficiency with further 
adjustments being made, if appropriate, to improve resolution n individual samples.
The solvent system selected was as follows:
Solvent A: 2% acetonitrile, 0.5% acetic acid.
Solvent B: 99.5% acetonitrile, 0.5% acetic acid.
Solvent A was prepared using milli Q water. The use of high organic content solvents in 
HPLC pumps which operate under high back pressure can cause problems with gas bubbles 
appearing due to desolvation of gasses within the solvent unless solvents are continually 
sparged with an inert gas such as helium.
Columns
Preliminary HPLC analysis during the early part of this project was performed using the 
selected kromasil KR100 5C18 column. For LCMS analysis this was replaced with a Luna 
5p phenylhexyl CIS, 100Â, 150 mm x 3 mm (id) column. The retention time was also 
changed from 1 ml/minute to 0.3 ml/minute.
Gradient
The solvent used in initial analysis was an isocratic solution which had only one solvent. 
This resulted in samples eluting at an earlier time and possibly eluting with the solvent 
peak. In order to increase efficiency, samples were first analysed using a shorter gradient 
method and the gradient was then adjusted for further analysis of any interesting LC or MS 
peaks observed. The gradients adopted for general analysis are detailed in Table 2.1 and 
Table 2.2.
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Time Solvent A 
(%)
Solvent B 
(%)
Flow rate ml/min
0 96 4 0.3
1.5 80 20 0.3
15 40 60 0.3
17 80 20 0.3
20 80 20 0.3
Table 2.1 20 minutes method: General gradients used for LCMS analyses of incubation 
samples and standards.
Time Solvent A 
(%)
Solvent B 
(%)
Flow rate ml/min
0 96 4 0.3
3.00 80 20 0.3
30 40 60 0.3
32 96 4 0.3
35 96 4 0.3
Table 2.2 35 minutes method: General gradients used for LCMS analyses of incubation 
samples and standards.
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Figure 2.1 LC chromatogram of standard solution (10 |ig/ml) showing the effect of using 
Luna 5 \i phenylhexyl Cl 8, 5 mm, 150 mm x 3 mm (id) and a flow rate of 0.3 ml/minute.
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Figure 2.2 HPLC chromatogram of control sample showing the effect of using Luna 5p 
phenylhexyl C l8, 5 mm, 150 mm x 3 mm (id) and a flow rate of 0.3 ml/minute.
2.2.2.? Purification of hydroperoxides by LC fractionation on amino-phase SPE 
cartridges
To remove traces of moisture and to ensure reproducible retention behaviour, a small 
. amount of anhydrous sodium sulphate was placed on top of 500 mg of bonded amino-phase 
SPE cartridges which were then conditioned with 5 ml of hexane. The transesterified lipid 
was redissolved in 250 pi of chloroform, transferred onto the cartridges with a Pasteur 
pipette and washed again with 2 x 2.5 ml of hexane. A polar material containing the 
components of interest was eluted with 7 ml acetone and collected in a round bottom flask. 
Elution from SPE cartridge proceeded under gravity only at a flow rate of 0.3-0.5 
ml/minute.
2.2.2.S Analysis of hydroxides by HPLC
The acetone extracts were poured into 250 ml conical flask and acetone was evaporated 
under reduced pressure using a rotary evaporator. The residue was reconstituted with 200 
pi of eluting buffer. A Hichrom Kromasil 100 5C18 column (4.6 mm i.d x 25 cm) was used 
for the separation of products of hydroperoxides using acetic acid-methanol-water (0.1-65- 
35) solvents.
2.2.2.9 Hexanal 
Standard preparation
Stock hexanal- 0.1 g (record weight exactly) was weighed into 100 ml volumetric flask 
with cyclohexane.
Stock isobutyl acetate -  0.1 g (record weight exactly) was weighed into 100 ml volumetric 
flask with cyclohexane.
Internal standard -  2 ml of stock isobutyl acetate was pipetted into 100 ml of volumetric 
flask and was made up with cyclohexane.
Working standard — 2 ml of both stock solutions (hexanal and isobutyl acetate) were 
pipetted into a 100 ml volumetric flask and was made up to mark with cyclohexane.
Sample preparation
Fish sample (10 g) was weighed into 500 ml round bottomed flask. Saturated sodium 
chloride solution (150 ml) was added, followed by addition of spatula of anti-bumping 
granules. Internal standard (2 ml) was pipetted into this mixture and the flask was placed 
on heating mantle. The Clavenger trap was fitted onto the flask and then was primed with 
water until the trap was full. The condenser was fitted and switched on. The mixture was 
refluxed on the heating plate for 15 minutes. After which it was allowed to cool for another 
15 minutes. Using a pipette the cyclohexane layer was transferred from the Clavenger into 
a vial and was injected onto GC.
The following equation was used to calculate the hexanal concentration c hexanai (in milli­
equivalents of oxygen per kg of sample):
c - 2 H  U Uhexanal std n
lAdW_
[7]
with #std the concentration of hexanal standard, Rs and i?std the ratio of sample and 
standard, respectively, and w weight (g) of sample used.
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GC conditions
Run time 17.60 minutes.
Injection volume 4 jil.
Retention times approximately 6.2 minutes for IBA and 7 minutes for hexanal.
2.2.3 Detailed protein analysis
Although protein analysis is not necessarily a lipid oxidation marker, protein-lipid 
interactions are accompanied by a decrease in protein solubility which can be measured. 
Under appropriate conditions the acidic and basic groups of proteins interact with the 
dissociated groups of organic dyes to form coloured precipitates. This phenomenon can be 
readily used and exploited for quantitative analysis of proteins and this approach became 
popular with the development of a method using Coomassie Brilliant Blue G-250 by 
Bradford (1976). The binding of the dye to protein causes a shift in the absorption 
maximum of the dye from 465 nm to 595 nm
2.2.3.1 Protein extraction
To 10 grams of minced fish, 25 ml phosphate buffer (50 mM, pH 7.5) was added and the 
mixture was homogenised for one minute. The supernatant was pooled (water-soluble 
proteins). The pellet was extracted with 30 ml of phosphate buffer (50 mM) containing 0.8 
M sodium chloride, pH 7.5 and homogenised (omnimixer CAMLAB) at 6000 g for three 
minutes, washed with 20 mis of the same solution and stored at 4°C for two hours prior to 
centrifugation at 5000 g for 20 minutes. The pellet was discarded and the supernatant (salt- 
soluble proteins) was retained for analysis. Both the water and salt-soluble protein fractions
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were analysed for protein content by the Bradford (1976) method and by Phast gel 
electrophoresis (Pharmacia).
2.2.3.2 Protein determination by the Bradford method
Protein solutions (2000, 1500, 1000, 500, 250 pg/ml) were prepared by diluting a stock 
bovine serum albumin (BSA) standard solution (Bradford, 1976). The protein standard 
(0.1 ml) was pipetted into a test tube, using the diluent as à blank. All assays were 
performed in triplicate. Coomassie protein assay reagent (3 ml) was added to each test tube 
and mixed well by vortexing. The absorbance was read at 595 nm within 90 minutes. The 
absorbance of the blank was subtracted from each standard and fish protein sample 
absorbance. A standard curve was prepared by plotting the average net absorbance at 595 
nm for the range of BSA solutions (250-2000 pg/ml). Using the standard curve, the protein 
concentration was determined for each unknown fish sample. The protein concentration 
cprotein was calculated as follows:
c  Fcone sup
C . . = ---------------protein
W  [8]
with Cconc the concentration of undiluted protein solution (mg/ml), Fsup the supernatant 
volume (ml) and w the mass of the sample (g).
2.2.3.3 Phast gel-electrophoresis of fish protein 
Staining solution (stock 2%)
One tablet of Phast gel blue R was dissolved in 80 ml of MilliQ water, and was stirred for 
10 minutes, followed by addition of 120 ml of methanol and was stirred for a further three
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minutes and was filtered before use. Prior to staining the stock solution (2 %) was mixed 
with acetic acid in the ratio 1:1.
Destaining solution
30% methanol (150 ml)
10% acetic acid (50 ml)
MilliQ water up to 500 ml 
Preserving solution
For a 12 % gel, 10 % glycerol in 10 % acetic acid was used. A mixture of sample: sample 
buffer in the ratio 1:1 (50 — 100 jil) was used and placed in Eppendorf centrifuge tubes. The 
mixture was mixed by vortexing thoroughly and was then boiled for at least 5 minutes. 
Samples at this stage can be stored in cold room until analysis. Prior to the start of the 
experiment, the gel and buffers are placed outside the cold room at room temperature. The 
gel holder was cleaned thoroughly using MilliQ water and paper towels. MilliQ water (70 
pi) was placed at top of the gel holder in a line. The gel was then brought down slowly, 
making sure no air bubbles are trapped underneath it. The cellophane was removed from 
the gel and was retained.
The buffers were placed on either side of the gel leaving the buffer holder on top of the gel. 
The sample wells were indented with the aid of a pen. Each sample (2 pi) and standard was 
added to each well (leaving the first hole blank). The comb was then placed on top of the 
gel. Gel electrophoresis was undertaken at 100 volts for 60 minutes. After the run was 
completely finished, the gel was removed and was placed in a staining chamber (with gel
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facing up) with tubes 1, 2 and 3 containing staining solution (100 ml), destaining solution 
(300 ml) and glycerol solution (100 ml) respectively. The gel was allowed to stain for a 
period of 5 to 10 minutes.
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CHAPTER THREE
3. NUTRITIONAL PROPERTIES OF MACKEREL {Scomber 
scombrus) AND HORSE MACKEREL {Trackurus trackurus): 
PROXIMATE COMPOSITION AND LIPIDS
3.1 Introduction
Understanding the biological and biochemical outcome of fish oil studies primarily 
pioneered from epidemiological investigations carried out by Dryerberg and Bang (1979) 
in Eskimos, which determined the role of fish oils particularly in the development of heart 
disease. The composition of fish oil is dominated by two members of the omega-3 
polyunsaturated fatty acid family: 20:5, omega-3 (eicosapentaenoic acid or EPA) and 22:6, 
omega-3 (docosahexaenoic acid or DHA). EPA and DHA are acquired from seafoods but 
they can also be derived from a-linolenic acid by a series of chain elongation and 
desaturation. The proportion of these two PUFA in fish depends on the feeding habits of 
marine organisms. For example it is suggested that since most fish feed on zooplanktons, 
the content of their lipid is expected to be higher in DHA compered with EPA (Bandarra et 
al, 2001)
Fatty acids not only influence juiciness, tenderness and aroma but the fatty acid anions also 
make the protein more stable against heat and freeze dénaturation. Generally, the structure 
of fish muscle is different from that of mammals and birds due to physiological and 
environmental differences between fish and other mammals or birds (Love, 1980; Bechtel, 
1986 & Mackie, 1993). There are two types of muscle cells in fish muscle, white and dark 
(red) muscles. The quantities of these two cell types vary between species depending on the 
movement of fish in the surrounding environment.
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Mackerel {Scomber scombrus) and Horse mackerel {Trachurus trachurus) belong to the 
family of fish commonly referred to as pelagic or fatty species because of their high content 
of lipids, which is subject to seasonal variations. Most fish species have different chemical 
compositional features which predominantly depend on their mode of life and feeding 
habits. Mackerel and horse mackerel are considered to be migratory and therefore have a 
large proportion of dark muscle which is primarily associated with aerobic type of energy 
metabolism.
Fish muscle comprises water, protein and lipids which together make up 98% of the total 
mass of the flesh. These components play a vital role in the functional property and 
nutritional value of the fish. Other components such as carbohydrates and vitamins and 
minerals are present in minor quantity but still contribute significantly to many biochemical 
processes that contribute to sensory properties. The current study was carried out on fresh 
and stored mackerel and horse mackerel to determine the proximate chemical composition. 
Fatty acid profile of total lipids of fresh mackerel and horse mackerel and myofibrillar and 
sarcoplasmic protein fractions were also determined.
3.2 Materials and methods
All of the materials used for this study are listed in chapter two.
3.2.1 Extraction of lipids
See section 2.2.2.1 in chapter 2.
3.2.2 Fatty acid composition determined by gas chromatography
See section 2.22.2 in chapter 2.
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3.2.3 Kjeldhal procedure for determination of nitrogen in food
See section 2.2.1.2 in chapter 2.
3.2.4 Determination of moisture content
See section 2.2.1.1 in chapter 2.
3.2.5 Protein extraction and determination
See section 2.2.3.land 2.2.3.2 in chapter 2.
3.2.6 Phast gel-electrophoresis of fish protein
See section 2.2.3.3 in chapter 2.
3.2.7 Statistical Analysis
For biochemical and nutritional value such as moisture, protein and lipid content of fresh 
fish, triplicate samples were used and the mean values as well as the standard deviation are 
reported.
3.3 Results and discussion
3.3.1 Mackerel
The size of mackerel used in this study varied between 190 and 220 cm in length and 
between 350-380 grams in body weight. The proximate composition of mackerel caught 
between period of October and December 2003 is listed in (Table 3.1).
(g/lOOg fish)3 g/100g fishb
Moisture 72.9 (±3.7) 2.7 (±0.12)
Lipid 5 (±1.8) 17.86 (±0.9)
Protein 19.87 (±2.6) 70.71 (± 1.98)
Table 3.1: Proximate composition of the edible portion of mackerel.
Values are mean of three samples and the standard deviation is shown in parenthesis.
a = wet weight basis 
b = freeze-dried fish
The moisture content is high at 72.9 % and is predominantly affected by seasonal variation 
(Love 1980; Love, 1988; Ackman, 1994). The moisture content of an active fish such as 
mackerel is extremely vital to the fish, as it plays a major role in providing an optimum 
environment for biochemical events in the cells and acts as a host for many organic and 
inorganic solutes. It also has a large impact on reactivity of proteins. The percentage of 
lipid found in mackerel like the moisture content is primarily influenced by seasonal 
variation (Ackman, 1994). These values are in agreement with other similar studies (Hardy 
and Keavy, 1972). They are also directly proportional to one another (Burt and Hardy, 
1987); thus fish with higher percentage of lipid has a lower moisture content. The 
composition of myofibrillar protein or salt-soluble proteins and sarcoplasmic or water- 
soluble proteins extracted from mackerel are listed in (Table 3.2).
Protein samples Concentration (mg/g)3
Water soluble protein 5.2 ± 0.4
Salt soluble protein 8.3 ±0.17
Table 3.2: myofibrillar and sarcoplasmic protein concentration of mackerel.
The values are mean of three samples, 
a = wet weight basis
The value obtained for the sarcoplasmic protein fraction is 5.2 mg/g. The sarcoplasmic 
proteins comprise 30% of the total body weight in marine fish (Acton and Rudd, 1987). 
This fraction predominantly constitutes the proteins of sarcoplasm, the extracellular fluid 
components and the proteins contained in sarcoplasm particles (Mackie, 1993).
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Pelagic fish such as mackerel have exceptionally high amounts o f such proteins and 
sarcoplasmic proteins containing ATPase enzyme due to their active life (Soriguer et a l,  
1997). The content of myofibrillar protein (salt-soluble protein) in mackerel was found to 
be 8.3 mg/ml (Table 3.2). This protein fraction in fish such as mackerel is commonly found 
to be between 40 to 60% of total fish meat proteins. The composition of both salt-soluble 
and water-soluble proteins is presented in the Phast gel-electrophoresis (Plate 3.1). Lanes 4 
and 5 exhibit all the major bands o f myofibrillar proteins including myosin heavy chain 
(MCH), actin, troponin T (Tr T), tropomyosin (Tm), myosin light chains (L cl, Lc2, Lc3) 
and troponin C (Tr C) in mackerel and horse mackerel respectively. Lanes 2 and 3 
represent sarcoplasmic proteins in both mackerel and horse mackerel respectively with 
molecular weights of 75 kD, 56, 46, 41, 39, 39, 35, 29, 25 and 16 kD.
2 0 5  K D
MYOSIN
ACTIN (45KD) 
>  T N T
1 2 3 4 5
Plate 3.1. Gel-electrophoresis of myofibrillar and sarcoplasmic proteins extracted from 
mackerel and horse mackerel.
Lane 1 standard
Lane 2 sarcoplasmic protein from mackerel 
Lane 3 sarcoplasmic protein from horse mackerel 
Lane 4 myofibrillar protein from mackerel 
Lane 5 myofibrillar protein from horse mackerel
go
The fatty acid composition of mackerel is presented in (Table 3.3). Mackerel contains a 
high percentage of PUFA (20:5 and 22:6). The values in the table are given as weight 
percent of total fatty acids methyl esters. Only those fatty acids that were detected at the 
levels of about 1% or more of the total are given. Such fatty acid profile in mackerel is in 
agreement with data obtained from other researchers (Ackman and Eaton, 1971; Leu et al, 
1981; Soriguer et ah, 1997). Like the moisture content and lipid content in fatty fish, the 
fatty acid profile of a fatty fish is also expected to vary significantly according to seasonal 
variations. The fatty fish were rich in omega-3 and 6 fatty acids, both of which contribute 
to a healthy balanced diet (Bandarra et al., 2001).
Peak Assignment % of total % of total (freeze-
(fresh) dried)
Myristoleic acid 14:0 8.32 (±1.28) 9.22 (±0.25)
Palmitic acid 16:0 13.98 (±2.66) 13.85 (± 1.22)
Palmitoleic acid 16:1 5.88 (±0.88) 6.31 (±1.21)
Stearic acid 18:0 4.59 (± 1.02) 5.64 (±1.09)
Oleic acid 18:1 17.04 (±3.22) 19.64 (±1.31)
Linoleic acid 18:2 2.01 (±0.91) 3.99 (±0.83)
Linolenic acid 18:3 1.77 (±0.89) 2.94 (± 0.34)
Eicosaenoic acid 20:1 7.87 (±1.02) 6.88 (± 0.94)
Octadecatetraenoic acid 18:4 2.89 (±0.51) 3.66 (± 0.44)
Behemic acid 22:0 1.01 (±0.1) 1.88 (±0.16)
Erucic acid 22:1 15.32 (±1.82) 16.94 (±1.99)
EPAa 20:5 6.23 (± 1.33) 7.85 (±1.05)
DHAb 22:6 14.19 (±3.21) 16.02 (±2.99)
Sum of saturated fatty acids 25.89 (± 3.88) 25.03 (± 1.09)
Sum of monounsaturated fatty acids 47.11 (±3.22) 46.29 (±3.1)
Sum of polyunsaturated fatty acids 27.09 (±3.99) 28.16 (±2.88)
Table 3.3: Fatty acid profile of mackerel lipids.
The values are means of three samples and each sample was pooled from three fillets, a = 
Eicosapentaenoic acid (EPA), b = Docosahexaenoic acid (DHA). Standard deviations are 
presented in the parenthesis.
3.3.2 Horse mackerel
The size of horse mackerel used in this study varied between 100-150 cm in length and 
between 200-250 grams in body weight. The proximate composition of horse mackerel
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caught during March 2003 is listed in Table 3.4. The moisture content similar to that of 
mackerel was high at 71.3 %. The proximate analysis of horse mackerel indicated high 
protein content of about 21 % typically associated with this fish. The lipid content was 
about 2 % but as this may vary seasonally, other batches of horse mackerel were analysed 
in later studies. These were horse mackerel obtained from Portugal during Januaiy 2003 
period; the proximate composition of this fish is shown in (Table 3.4). The moisture 
content and protein content were found to be similar to the ones in the horse mackerel 
purchased from Famham, UK at 73.1 % and 22 % respectively.
g/100g fish a g/100g fish b g/100g fish c
Moisture 71.3 (±2.7) 1.4 (±0.19) 73.1 (±3.21)
Lipid 2 (± 0.08) 11.14 (±0.2) 4.9 (± 1.92)
protein 21.6 (± 3.8) 83.14 (±1.2) 22.0 (± 1.49)
Table 3.4: Proximate composition of the edible portion of horse mackerel.
Values are means of three samples and the standard deviation is shown in parenthesis.
a = fish from Famham wet weight basis 
b = fish from Famham ffeeze-dried 
c= fish from Portugal (wet weight basis)
Protein samples Concentration (mg/g fish)3
Water soluble protein 6.0 ± 1.5
Salt soluble protein 7.0 ±1.2
Table 3.5: myofibrillar and sarcoplasmic protein concentration of horse mackerel.
The values are mean of three samples, 
a = wet weight basis
The lipid content was however, higher than that in the horse mackerel from Famham, UK 
at 4.9%. This difference could be due to seasonal variation and differences in geographical 
locations of where the fish were caught (Soriguer et al.9 1997). The composition of salt- 
soluble and water-soluble proteins extracted from horse mackerel are listed in Table 3.5. 
The values obtained for sarcoplasmic protein is 6 mg/ml and the myofibrillar protein was 
found to be 7 mg/g. Phast gel-electrophoresis (plate 1) shows the composition of both 
myofibrillar and sarcoplasmic proteins. Lane 3 and 4 exhibit all major bands of
myofibrillar proteins including myosin heavy chain (MCH), actin, troponin T (Tr T), 
tropomyosin (Tm), myosin light chains (Lcl, Lc2, Lc3) and troponin C (Tr C). Lanes 1 and 
2 represent sarcoplasmic proteins with molecular weights of 75 kD, 56, 46, 41, 39, 39, 35, 
29, 25 and 16 kD.
The fatty acid composition of horse mackerel is presented in (Table 3.6). Horse mackerel 
contains a high percentage of PUFA (C18:2; C18:3; C20:2; C22:6). The values in Table 3.6 
are given as weight percent of total fatty acid methyl esters and are in agreement with fatty 
acid profile data obtained from other studies (Soriguer et ah, 1997; Bandarra et ah, 2001). 
Fatty fish species present some seasonal variations of lipid related to their reproductive 
cycle and environmental factors. Fish fatty acids are the consequences of a balance 
between food intake and biosynthesis (Bandarra et al., 2001).
Peak Assignment % of total 
fresh
% of total 
(freeze-dried)
Myristoleic acid 14:0 8.8 (±0.11) 9.0 (±0.21)
Palmitic acid 16:0 13.2 (±0.27) 13.31 (±0.11)
Palmitoleic acid 16:1 6.23 (± 1.32) 7.34 (± 0.99)
Stearic acid 18:0 9.44 (± 1.02) 9.99 (±1.09)
Oleic acid 18:1 10.97 (±3.19) 12.05 (±2.97)
Linoleic acid 18:2 0.80 (± 0.09) 1.50 (±0.1)
Linolenic acid 18:3 15.50 (±4.70) 16.34 (±2.34)
Eicosaenoic acid 20:1 8.52 (±1.99) 9.99 (±1.31)
Behemic acid 22:0 6.82 (±0.1) 6.94 (±0.21)
Erucic acid 22:1 0.8 (± 0.08) 1.20 (±0.1)
EPAa 20:5 2.02 (± 0.03) 3.11 (±0.1)
DHAb 22:6 15.38 (±2.98) 17.01 (±1.96)
Sum of saturated fatty acids 37.98 (± 1.96) 38.50 (±1.96)
Sum of monounsaturated fatty 
acids
26.52 (± 3.87) 26.49 (±3.87)
Sum of polyunsaturated fatty acids 33.70 (±4.33) 35.79 (±4.33)
Table 3.6: Fatty acid profileof horse mackerel lipids.
The values are means of three samples and each sample was pooled from three fillets, a = 
Eicosapentaenoic acid (EPA), b = Docosahexaenoic acid (DHA). Standard deviations are 
presented in the parenthesis.
The data obtained from proximate analysis of chemical composition in horse mackerel 
showed a difference in percentage of lipid in horse mackerel caught from Portugal during 
January at 4.9 % compared with the horse mackerel bought from Famham during March at 
2.0 %. Bandarra et al (2001) showed that the highest fat content in horse mackerel was 
recorded in August and December and lowest in February (Bandarra et ah, 2001). In this 
study the fatty acid profile from horse mackerel caught during January with a fat content of 
4.9% is in agreement with that obtained in a study carried out by Bandarra et al (2001) on 
horse mackerel ( with fat content of 3.8 %) caught also during January. Horse mackerel is 
considered to be a medium fat-fish; however, its lipid percentage varies significantly 
depending on the season which the fish was caught. Subsequently this affects the fatty acid 
profile of the fish. In medium fat-fish caught from the northern hemisphere, the proportions 
of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and PUFA are 
suggested to be 30.7, 23.6 and 45.3% respectively. For fat fish such as mackerel, the 
contributions of SFA, MUFA and PUFA are suggested to be 31, 42 and 26% which is 
similar to the fatty acid profile of mackerel studied in this thesis. Highest levels of PUFA 
were found in fish particularly of EPA and DHA. A relatively high percentage of EPA and 
DHA were also recorded in mackerel. The monounsaturated fraction was found to be 
mainly oleic acid. From the PUFA in mackerel and horse mackerel DHA was found to be 
the main fatty acid. This may be due to the type of food intake (mollusks and small fish) 
available to these species (Bandarra et al., 2001).
In this study the use of freeze-drying was also investigated as a method used for storage of 
food at room temperature, especially in developing countries where there is a limited 
access to refrigerators or freezers. The data on the proximate chemical composition of 
mackerel and horse mackerel obtained from preliminary trials carried out on the fresh fish 
and freeze-dried fish are shown in (table 1, 3 and 4). As it is shown the levels of lipid (and
fatty acid profile) and protein contents increased in freeze-dried fish samples compared 
with fresh samples indicating that freeze-drying indeed is a valuable technique which may 
improve the quality of fish and help to store food containing fish for long period of time at 
room temperature. However, this hypothesis needs to be further investigated with the aid of 
antioxidants to try to develop the best method to reduce oxidation in high lipid containing 
food.
3.4 Conclusion
Both mackerel and Horse mackerel contain a high percentage of lipid and protein as shown 
in the data in this chapter. Both mackerel and horse mackerel are rich in omega 3 and 
omega 6 fatty acids as shown in their fatty acid profiles obtained in this study. This makes 
both fish to be nutritionally valuable. The high percentage of protein may be used to solve 
protein shortages around the world, particularly in developing countries. However, the high 
PUFA content makes the fish more susceptible to lipid oxidation. Therefore, in the 
following chapters, study of lipid oxidation and its prevention in horse mackerel were 
investigated with a view to its use in new food products.
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CHAPTER FOUR
4. ELUCIDATION OF THE EFFECTS OF FREEZE-DRYING 
ON LIPIDS OF MACKEREL {SCOMBER SCOMBRUS) AND 
HORSE MACKEREL {TRACHURUS TRACHURUS) BY FT- 
RAMAN SPECTROSCOPY
4.1 Introduction
Raman spectroscopy is primarily used in biochemistry to investigate protein structures and 
recently its use has become popular in determining the functions and interactions of 
proteins in a food matrix (Nai-Teng, 1977; Herman and Li-Chan, 2001; Li-Chan, 1996). As 
the cells and tissues used in Raman spectroscopy can be intact and no homogenization is 
required prior to analysis of the samples, more accurate information can be obtained from 
Raman spectroscopy with regards to the concentration, structure and interaction of the 
biochemical molecules (Marquardt et al., 2004).
Many studies using Raman spectroscopy have been reported on proteins, including protein- 
protein interactions which occur during processing and storage of many food products 
(Marquardt et al., 2004; Howell, 1992). Some studies have also been conducted on 
emulsions to elucidate protein-lipid interactions in emulsions (Howell et al., 2001). Raman 
spectroscopy has also been used to investigate the structure of lipids and changes resulting 
from storage conditions or lipid oxidation (Howell et al., 2001). Fatty acids in lipids and 
their degree of saturation can influence the intensity and location of bands in the spectrum 
of the lipids. Raman spectroscopy provides information on the vibrational motions of 
molecules which are measured in terms of the shift in frequency or wavenumber. It is a 
non-destructive method that can be used in different ways including monitoring changes in
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lipid C-H stretching vibrations, which are normally seen within the (2800-3000 cm'1) 
region (Li-Chan, 1996).
Studies on fatty acids include those carried out on oleic acid, investigating polymorphism 
or interaction isomerization superimposed on chain-chain interactions (Howell, 1994; 
Devlin et al., 1990; Verma et a l, 1977). Using Raman spectroscopy any changes in various 
regions of the lipid structure such as CH stretching, C=0 stretching, CH2 scissoring and C- 
C stretching caused by oxidation or interaction with other structures such as proteins can be 
measured (Tandon et al., 2000). Raman spectroscopy can also provide accurate quantitative 
measurement of total degree of unsaturation of lipids, as indicated by changes in the ratios 
of C=C stretching band near 1660 cm'1 to the C=0 stretching band near 1750 cm'1 or CH2 
scissoring band near 1445 cm'1 (Sadeghi-Jorabchi, et al., 1990; Sadeghi-Jorabchi et al., 
1991/ Levels of saturations can be detected using the 3013, 1663 and 1264 cm'1 and the 
ratio of cis and tram isomers and their conjugated products as a result of oxidation can also 
be detected using several bands in the region of 1655 and 1670 cm"1 respectively 
(Agbenyega et al., 1991).
Raman spectroscopy has been used to investigate the structural changes of fatty acids from 
com oil (Howell et al., 2001), oleic acid (Devlin et al., 1990; Verma et al., 1977) or 
protein-protein and lipid-protein interactions in emulsions (Aslanian et al., 1986; Yager 
and Gaber, 1987; Ngariz et al., 2003; Badii and Howell, 2002). Many of the studies have 
placed significant emphasis on changes in the lipid components of mostly biological 
membranes or other fatty acids for example from vegetable oils. Our previous studies have 
primarily focused on changes in the protein components of fish muscle and not the lipid 
components (Badii and Howell, 2002) where it was shown that proteins extracted from fish 
are significantly altered due to biochemical changes including lipid oxidation and ice
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crystal damage during frozen storage, resulting in a reduction in protein solubility and 
formation of aggregates (Badii et al, 2004; Saeed and Howell, 2004). As proteins 
contribute to the texture of food, such changes subsequently affect the rheological 
properties such as texture and eating quality of badly stored frozen fish (Badii and Howell, 
2002). Dried products would provide a cheaper alternative for transporting food products 
especially in developing countries. Since few studies have been undertaken in this area, 
changes in the structure of lipids (extracted from both mackerel and horse mackerel) were 
assessed using FT-Raman spectroscopy. Oxidation levels were also monitored by 
measuring the peroxide value. The effect of freeze-drying on myofibrillar proteins were 
also characterized by solubility changes during storage at 22°C for 12 weeks.
4.2 Materials and methods
4.2.1 Materials
See section 2.1 in chapter 2.
4.2.2 Methods
4.2.2.1 Sample preparation
Mackerel and horse mackerel fillets were stored at -80°C overnight prior to freeze-drying 
and storage at 22°C. Oil was extracted from the freeze-dried fish using the Bligh and Dyer 
method (Bligh and Dyer, 1959) see (section 2.2.2.1, in chapter 2). The oil as well as the 
fish muscle proteins was separately analyzed by FT-Raman spectroscopy, together with 
control samples of non-freeze-dried Mackerel and horse mackerel.
4.2.2.2 Peroxide Value
See section 22.2.5 in chapter 2.
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4.2.2.3 Protein determination by the Bradford method
See section 2.2.3.2 in chapter 2.
4.2.2.4 Raman Spectral analysis 
See section 2.2.23 chapter 2.
4.2.2.5 Statistical Analysis
For peroxide value and protein solubility measurements, triplicate samples were used and 
the mean values as well as the standard deviation are reported. In the Raman spectroscopy 
for oil extracted from fresh and freeze-dried mackerel and horse mackerel, 3 replicates 
were tested. Raman spectra of oil extracted from fresh mackerel and freeze-dried mackerel 
were compared with each other using the unpaired f-test with Welch’s correction (not 
assuming equal variances). Raman spectra of oil from freeze-dried fish stored for different 
times were compared with each other using a one-way ANOVA (Kruskal-Wallis statistics) 
test, where a Gaussian distribution was not assumed. A post-hoc test was applied in order 
to identify which groups are significantly different from each other. All the statistical 
analysis was carried out using the SPSS package.
4.3 Results and discussion
4.3.1 Analysis of the oil extracted from freeze-dried and fresh mackerel
Figure 4.1 (a) shows the spectrum of the oil extracted from freeze-dried and fresh mackerel 
in the 2000-3500 cm'1 region. Both spectra indicated bands assigned to the following 
groups: CHz symmetric stretch at 2855 cm'1, CH2 anti-symmetric stretch at 2928 or 2936 
cm'1 in the oil spectrum of freeze-dried and fresh Mackerel respectively, and =CH stretch 
of =CHR or =CH2 groups at 3011 cm'1. The intensity of the band at 2936 cm'1 and shoulder
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at 2902 cm"1 in the oil spectrum of fresh Mackerel were lower than those detected in the oil 
spectrum of freeze-dried mackerel (P < 0.05) with the exception of the band at the 
wavelength of 3011 cm' 1 which was higher in the spectrum of oil extracted from fresh 
mackerel. Figure 4.1(b) shows the spectrum of oil extracted from freeze-dried and fresh 
mackerel in the 800-1800 cm' 1 region. The oil spectrum indicated bands assigned to the 
following groups: C=0 ester stretch at 1745 cm'1, C=C stretch at 1659 cm'1, CH2 
sc&ssoring at 1441 cm'1, CH2 in phase twist at 1304 cm'1, =C-H symmetric rock (cis) at 
1267 cm'1, antisymmetric CCC stretch at 1083cm'1 with a shoulder at 1067 cm'1, and 
various CCC stretches at 976, 870 with a shoulder at 891 cm' 1 (Howell et al, 2001). The 
intensity of the bands in spectra of oil extracted from freeze-dried and fresh mackerel were 
similar with the exception of the following bands (1442, 1304, 1123, 1082, 1031 and 870 
cm-1), where their intensity was much higher in the oil spectrum of freeze-dried mackerel: 
(P < 0.05), Figure 4.2.
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Figure 4.1: FT-Raman spectra of freeze-dried and fresh mackerel.
The oil spectra are in the (a) 2000-3500 cm-1 and (b) 800-1800 cm-1 region for oil extracted from freeze- 
dried mackerel (dashed line) and oil extracted from fresh mackerel (solid line).
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Peak assignment 
(wavenumber± 2  cm"1)*
Relative peak 
intensity
Oil extracted from 
fresh mackerel
Oil extracted from 
freeze-dried 
mackerel
Symmetric CCC stretch various CCC 
stretches 869 (874)
0.049 ± 0.005 ND
Symmetric CCC stretch various CCC 
stretches 925 (916)
0.038 ± 0.007 N D 1"
Symmetric CCC stretch various CCC 
stretches 966 (973)
0.031 ±0.008 ND
Anti-symmetric CCC 1078 (1083) 0.059 ± 0.006 0.088 ± 0.004
1215 0.135 ±0.004 0.135 ±0.005
=C-H symmetric rock (cis) (1265) 0.169 ±0.003 0.168 ±0.004
CH] Phase twist (1303) 0.170 ±0.004 0.234 ± 0.02
CH] Scissoring (1441) 0.271 ± 0 .0 2 0.424 ± 0.02
C=C stretch (cis) (1660) 0.291 ±0.01 0.268 ± 0.003
C=0 ester stretch 1745 (1750) 0.039 ±0.005 0.029 ± 0.002
CH] symmetric stretch (2855) 1 ± 0 .0 1 ± 0 .0
CH] antisymmetric stretch 2928 (2933) 0.951 ±0.05 1.173 ±0.03
=CH stretch of =CHR or =CH] groups 
(3011)
0.938 ± 0.02 0.695 ± 0.06
Table 4.1: Raman peak intensities of oil extacted from mackerel and horse mackerel
Relative peak intensity of the Raman Bands in the region 800-3200 cm' 1 for oil 
immediately extracted from freeze-dried mackerel and fresh mackerel.
* The spectra were an average of 64 scans which were baseline corrected and normalized 
to the intensity of 2855 cm"1. Each sample was done in triplicate and the standard 
deviation was calculated and is shown next to the peak intensities of the samples. The 
values in the parenthesis next to the peak assignments are the values cited in the 
reference by Howell et al. (Howell et al., 2001). 
f ND = Not Detected
4.3.2 Analysis of oil spectra of freeze-dried and stored mackerel
The spectra of oil extracted from freeze-dried mackerel stored at 22°C for 0, 2, 4 and 12 
weeks are shown in Figure 4.2. the oil spectrum indicated bands assigned to the following 
groups: antisymmetric CCC stretches at 1083 cm'1, =C-H symmetric rock (cis) at 1265 cm" 
\  CHz phase twist at 1303 cm"1, CHz scissoring at 1441 cm'1, C=C stretch (cis) at 1660 cm"
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1, C=0 ester stretch at 1750 cm"1, CH2 symmetric stretch at 2855 cm'1, CH2 antisymmetric 
stretch at 2933 cm"1 and =CH stretch of =CHR or CH2 groups at 3011 cm'1. The differences 
in the intensity of the bands in oil spectra of freeze-dried mackerel at different time points 
were statistically significant (P < 0.05).
A significant decrease was detected in the intensity of the above bands seen in the oil 
spectrum of freeze-dried mackerel at 12  weeks compared with the oil spectra at 2  and 4  
weeks of storage at 22°C (P < 0.05); except for the band at 1221 cm'1, where the intensity 
was higher at 12 weeks compared with 2 or 4 weeks (P < 0.05). The intensity of the 
following bands (1660 and 1750 cm'1) was lower (P < 0.05) in the oil spectrum of stored (4 
weeks) than stored (2 weeks) freeze-dried mackerel. In both the spectra of oil extracted 
from stored (2 and 4 weeks) freeze-dried mackerel a band assigned to 2933 (CH2 
anti-symmetric stretch) was detected which shifted to 2927 and 2939 cm' 1 in 2 weeks and 4 
weeks respectively. The intensity of this band was significantly lower in the oil spectrum of 
stored (4 weeks) freeze-dried mackerel (P < 0.05); in this spectrum, 2 additional bands 
were detected at the intensity of 2905 (assigned to R3C-H, CH3 symmetric or CH2 
anti-symmetric stretch) and 1715 cm' 1 (Howell et al, 2001).
93
CZ)
c
I
CO
Eo
z
3300 31003400 3200 28002800 2700
Wavenumber cm"1
t
2
c
10
E
o
z
1700 1600 1500 1300 1200
Wavenumber c m 1
(b)
Figure 4.2: FT-Raman spectra of freeze-dried mackerel stored at 22°C upto 12 weeks.
The oil spectra are in the (a) 2500-3400 cm"1 and (b) 900-1800 cm"1 region for oil 
extracted from freeze-dried mackerel stored for 2 weeks (blue line) and 4 weeks (purple 
line) and 12 weeks (red line) at 22°C.
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The ratio intensity of the band I1660/I1750 in oil extracted from ffeeze-dried mackerel 
decreased in the following order: 2 > 4 > 12 weeks (36.27, 10.133 and 2.885 cm'1) 
respectively. The ratio intensity of I1660/I1445 in oil extracted from ffeeze-dried mackerel 
decreased in the following order: 2 > 4 > 12 weeks (2.041, 0.871 and 0.583 cm'1) 
respectively. The ratio intensities of I1660/I1750 and I1660/I1445 determine the ratio of C=C / 
CH2 in fatty acids, this study shows that increasing storage at 22°C decreased this ratio 
which means that the number of unsaturated fatty acids decreased by increasing storage at 
22°C. The ratio intensity of I1265/I1303 used for rapid determination of the total cis isomer in 
the oil, was higher in the oil Raman spectra of ffeeze-dried mackerel stored for 2 weeks 
than both 4 and 12 weeks (0.950, 0.659 and 0.776 cm'1 respectively). This may suggest that 
the total cis isomer in the oil from ffeeze-dried mackerel decreased by increasing storage 
period at 22°C which indicates possible changes in the chemical structure of lipids as a 
result of lipid oxidation induced during storage (Badii and Howell, 2003).
4.3.3 Comparison of analysis of the oil spectra of stored freeze-dried horse
mackerel and stored freeze-dried mackerel
Changes observed in the intensity of the bands detected in the oil spectra of ffeeze-dried 
horse mackerel were very similar to those detected in the oil spectra of ffeeze-dried 
mackerel at different time points. In the oil spectrum of ffeeze-dried horse mackerel at 12 
weeks, similar to that of ffeeze-dried mackerel, the intensity of the bands decreased 
significantly (P < 0.05) compared with the oil spectra of ffeeze-dried horse mackerel stored 
for 2 and 4 weeks at 22°C.
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Figure 4.3: FT-Raman spectra of ffeeze-dried mackerel and horse mackerel stored at 22°C 
upto 12 weeks.
The spectra are in the 2500-3400 cm"1 for oil extracted from freeze-dried mackerel (blue 
line) and horse mackerel (red line) stored for (a) 2 weeks and (b) 12 weeks.
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Figure 4.4: FT-Raman spectra o f freeze-dried mackerel and horse mackerel.
The spectra are in the 900-1700 cm"1 for oil extracted from ffeeze-dried mackerel (blue line) 
and horse mackerel (red line) stored for (a) 2 weeks and (b) 12 weeks.
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4.3.4 Analysis of the peroxide value
This test showed an increase in lipid oxidation products with storage time. The peroxide 
value increased gradually up to 3 weeks. After 4 weeks peroxide value continued to rise at 
a slower rate until 8 weeks when the value decreased sharply. There were no significant 
differences in the peroxide value between freeze-dried mackerel and freeze-dried horse 
mackerel up to 4 weeks o f storage (P > 0.05). However, the peroxide value o f freeze-dried 
mackerel increased to a higher level after 8 weeks o f storage at 22°C compared with that of 
the freeze-dried horse mackerel kept under the same conditions (P < 0.01). The major 
difference between the PV value of freeze-dried mackerel and freeze-dried horse mackerel 
measured at 12 weeks after storage at 22°C supports the significant differences between the 
oil spectra o f freeze-dried Mackerel and horse mackerel after storage.
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Figure 4.5: Peroxide value obtained from freeze-dried mackerel and freeze-dried horse 
mackerel stored at 22°C for 12 weeks.
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4.4 Analysis of protein extractability
The initial contents o f salt-soluble proteins were 210 mg g"1 for both freeze-dried horse 
mackerel and mackerel fillets. These values decreased gradually during the 12 weeks of 
storage at 22°C (Figure 4.6). There were no significant differences in the protein 
extractability between mackerel and horse mackerel (P > 0.05). However, significant 
reduction was seen in the protein extractability in both mackerel and horse mackerel from 
the start o f the storage time until the end o f the storage at 12 weeks (P < 0.001). After 4 
weeks at 22°C, protein extractability in NaCl solution was reduced by approximately 50% 
for both mackerel and horse mackerel. After 12 weeks at 22°C, protein extractability was 
reduced by about 80% in both mackerel and horse mackerel. These changes indicated 
alterations in the structure o f fish proteins during processing and storage.
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Figure 4.6: Protein extractability results o f freeze-dried mackerel and horse mackerel 
stored at 22°C for 12 weeks.
4.5 Conclusion
Freeze-drying affects the structure and composition o f fish lipids as shown in the oil 
spectra of freeze-dried mackerel and horse mackerel obtained using Raman spectroscopy.
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Such changes are particularly prominent during the long term storage of freeze-dried fish at 
22°C. An increase in the region corresponding to 2960-2850 cm'1 in the oil spectra of both 
freeze-dried mackerel and horse mackerel was detected which suggests alterations in lipid 
structure involving CH groups and hydrophobic interactions. Lipid structural changes as 
indictaed by the intensity of the bands were more obvious in freeze-dried mackerel oil 
compared with freeze-dried horse mackerel. This is possibly due to a higher percentage of 
eicosapentaenoic acid (EPA) in mackerel (6.23 %) than horse mackerel (2.02 %), as shown 
by earlier analysis studies on fatty acid composition of mackerel and horse mackerel 
(chapter 3, Sarkardei and Howell, 2005); the higher PUFA content of mackerel makes it 
more susceptible to structural changes due to lipid oxidation, compared with horse 
mackerel. This was confirmed by the formation of primary oxidation products (peroxide 
value) as a result of oxidation, which were higher in mackerel than horse mackerel (P < 
0.01). Lipid oxidation also affects the rheological properties of fish muscle, this is caused 
by insolubility of fish myofibrillar proteins as a result of changes in the secondary structure 
and as a result of formation of intra-molecular cross-linkages including hydrophobic 
interactions, thus lowering the myofibrillar protein extractability in ffeeze-dried fish, which 
had been previously seen in frozen samples of fish (Badii and Howell, 2002; Badii et al, 
2004). The present study suggests that other methods should be used in combination with 
freeze-drying to inhibit or delay rate of lipid oxidation and protein dénaturation, such as 
using antioxidants.
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5. Effects of natural antioxidants on freeze-dried Mackerel 
{Scomber scombrus) lipids and proteins stored at 22°c for 16 
weeks
5.1 Introduction
Fish like mackerel contains a large proportion of proteins and polyunsaturated fatty acids 
(PUFA) as well as minerals (Ackman, 1988; Ackman 1984; Ackman and Eaton, 1971; 
Sidhu, 2003). As mentioned in chapter 1, the composition of fish oils is dominated by two 
fatty acids; EPA and DFLA. In recent years more people are becoming aware of the 
nutritional benefits of the fish, however, consumption of fish is still considered to be lower 
globally compared with other food, mainly due its rapid deterioration during storage. 
PUFA in fish oil are easily oxidised during processing and storage in a process known as 
lipid oxidation or autoxidation in food, which is a series of chain reactions, eventually lead 
to organoleptic changes such as changes in flavour, texture and aroma of food (Saeed and 
Howell, 1999; Schaich, 1980; Schaich and Karel, 1975).
Lipid oxidation has been demonstrated to cause hardening of fish tissue proteins and make 
more elastic and insoluble complexes (Badii and Howell, 2002). Products of lipid oxidation 
also cause loss of specific amino acids (Roubal and Tappel, 1996). The most common 
method used to prevent or slow down lipid oxidation in fatty foods is by applying 
antioxidants. They are generally aromatic compounds that are phenolic in character and can 
be synthetic or natural (Chastain et al., 1982; Crackle et al., 1988; Montero et al., 1996). 
Ideally antioxidants should be odourless, colourless and non-toxic, should not interfere 
with or alter the nutritional value of food products and should be effective at low doses
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(Keli et al., 1994; Rustan et al, 1997; Agostoni et al, 1997). They either act as free radical 
scavengers (primary antioxidants) such as vitamin C and E (Pryor et a l, 1976; Frankel 
1999) or secondary antioxidants, which can inhibit the effects of pro-oxidànts such as metal 
chelators (citric acid) and rosemary (Frankel, 1999). Freezing is a common technique used 
to store fatty food like fish for long duration. However, one of the most common problems 
with this technique is the formation of ice-crystals in proteins of fish which can increase 
toughness of fish flesh and also cause the loss of organoleptic properties of product (Badii 
and Howell, 2002).
Freeze-drying on the other hand has been shown to prevent loss of physicochemical 
properties of products by increasing the stabilization of products. The end product 
produced using freeze-drying is in a free powder form which is unlike the extrusion end 
products that are often in clumps. The nature of extrusion causes the extrudates to be 
susceptible to the development of oxidation during storage (de Mann, 1999). The aim of 
this study was to investigate the effects of rosemary, vitamins E + C+ citric acid and E+ C 
added to freeze-dried mackerel on oxidative stability in stored fish at 22°C for up to 16 
weeks. To do so, traditional methods including peroxide value measurement, thiobarbituric 
acid-reactive substances (TEARS) and a reverse-phase HPLC method were applied.
5.2 Materials and methods
5.2.1 Materials
See section 2.1 in chapter 2.
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5.2.2 Methods
5.2.2.1 Sample preparation
Debonned fillets of mackerel upon arrival were separated within 24 hours of arrival for 
storage at -80°C overnight prior to freeze-drying and storage at 22°C. In order to facilitate 
mixing of antioxidants, the fillets were minced and divided into four groups. Group A: 
control with no antioxidants; Group B: rosemary (250 ppm); Group C: a combination of 
vitamin C (250 ppm), vitamin E (250 ppm) and citric acid (100 ppm); Group D: 
combination of vitamin C (250 ppm); and vitamin E (250 ppm). Once mixed with the 
appropriate antioxidants, samples were frozen at -80°C and then freeze-dried at -55°C. 
Control groups of samples untreated with any antioxidants were also run in parallel with 
the treated samples. Tests were performed at time zero, and subsequently at 4, 8 and 16 
weeks of storage to examine the biochemical changes taking place during. Lipids were 
extracted from freeze-dried fish by the Bligh and Dyer (1959) method as modified by 
Saeed and Howell (1999). Transestérification was performed according to Schmarr et al 
(1996).
5.2.3 Purification of hydroperoxides by LC fractionation on amino-phase 
SPE cartridges
See section 2.22.1 in chapter 2.
5.2.4 Analysis of hydroxide by HPLC
See section 2.2.2.8 in chapter 2.
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5.2.5 Peroxide Value
See section 22.2.5 in chapter 2.
5.2.6 Thiobarbituric acid reactive substances (TEARS) preparation and 
analysis using HPLC
See section 2.2.2.6 in chapter 2.
5.2.7 Protein extractability and determination
See section 2.2.3.1 in chapter 2.
5.2.8 Protein determination by the Bradford method
See section 2.2.3.2 in chapter 2.
5.2.9 Phast gel-Electrophoresis of fish protein
See section 2.2.3.3 in chapter 2.
5.2.10 Statistical Analysis
For all experiments, the mean and standard deviation were calculated. The difference of the 
means between triplicates of each sample was resolved by simple t-test. The significance of 
differences among the samples at the end of each time point during the 16 week storage 
was determined by analysis of variance (ANOVA) using the two-way ANOVA with 
Bonferroni test SPSS computer program (SPSS Statistical Software 2000). The level of 
significance was set for p < 0.05.
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5.3 Results and discussion
All tests showed an increase in lipid oxidation products with storage time; higher values 
were observed in the absence of antioxidants compared with samples stored with 
antioxidants (Figure 5.1 and Figure 5.2). In this study, the peroxide value from the control 
freeze-dried mackerel stored without antioxidants increased sharply up to 4 weeks, after 
which the value fell dramatically. There were significant differences between all samples 
stored with and without antioxidants (P < 0.01). Rosemary (250 ppm) and combination of 
vitamin E and vitamin C and citric acid (250; 250; 100 ppm) were found to be the most 
effective in slowing down lipid oxidation compared with the control samples as seen in PV 
(P < 0.01) and TEARS (P < 0.001) measurements but with vitamins E + C + citric acid 
being more effective than rosemary (P < 0.05) for TEARS.
Combination of vitamin E and vitamin C (250; 250 ppm) also reduced oxidation, however, 
this mixture of antioxidants were less effective than others. Vitamin E and C stop the chain 
reaction of lipid oxidation by donating an electron to the peroxyl radical of the fatty acid 
and therefore stop the formation of hydroperoxides. Rosemary acts primarily as metal 
chelating agent like citric acid, can react with the initiating radical or reduce the oxygen 
level without generating reactive radical species. Therefore, both rosemary and citric acid 
slow the rate of radical formation (Gordon, 1990; Esterbauer, 1995).
The results from the current study, suggest that metal chelators such as citric acid and 
rosemary act more efficiently in reducing lipid oxidation; eliminating initiator molecules 
and encouraging the antioxidative properties of vitamin E and C.
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Figure 5.1: Peroxide value obtained from freeze-dried mackerel.
Mackerel was stored without any antioaxidants (control); with combination o f vitamin 
E + C (250; 250 ppm); combination of vitamins E + C + citric acid (250; 250; 100 
ppm); rosemary (250 ppm) at 22°C for 16 weeks. Results are presented as mean ± SD 
for triplicate samples for each treatment group.
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Figure 5.2: Thiobarbituric acid test results obtained from freeze-dried mackerel 
Mackerel was stored without antioxidants (control), with combination o f vitamin E + 
C (250; 250 ppm), combination o f vitamins E + C + citric acid (250; 250; 100 ppm); 
rosemary (250 ppm) at 22°C for 16 weeks. Results are presented as mean ± SD for 
triplicate samples for each treatment group.
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The addition of citric acid in combination with E + C act as a better antioxidant than E + C 
together, possibly due to the pro-oxidative property of vitamin E and C (Halliwell, 1993; 
Rietjens et al, 2002). Citric acid used in combination with other antioxidants behaves 
synergistically, which is a process by which the antioxidant effect of multicomponent 
systems is reinforced (Frankel 1991). Rosemary also has more effective antioxidant 
properties than a combination of vitamins E + C because it can act as an antioxidant and a 
metal chelator (Basaga et al., 1997). The concentrations of vitamins E and C used in this 
study were based on earlier studies carried out by Badii and Howell (2002); where a range 
of vitamin E and C concentrations were tested, and it was shown that concentrations below 
250 ppm had no significant effect in reducing lipid oxidation and concentration higher than 
250 ppm caused further oxidation (Badii and Howell, 2002).
Antioxidants were found to increase the solubility of proteins; there was a significant 
difference (P < 0.01) between control samples and those samples stored with antioxidants 
(Figure 5.3). Antioxidants used in this study to control lipid oxidation, may indicate 
whether lipid oxidation could contribute to the loss of protein solubility as suggested by 
other studies for frozen fish (Badii and Howell, 2002). Electrophoresis studies indicated 
that intact, almost native myofibrillar proteins were extracted from freeze-dried mackerel at 
time zero. In contrast there was a considerable loss in the intensity of myosin heavy chain 
(MCH) (205KDa) band in the control freeze-dried mackerel without any antioxidants, 
stored at 22°C for 16 weeks (Plate 5.1). In contrast to this, the intensity of the myosin band 
was still prominent in freeze-dried mackerel treated with antioxidants and stored at 22°C 
for a similar period (Plate 5.1).
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Figure 5.3: Protein extractability results of freeze-dried mackerel.
Mackerel was stored without antioxidants (control), with combination of vitamin E + C (250; 
250 ppm), combination o f vitamins E + C + citric acid (250; 250; 100 ppm); rosemary (250 
ppm) at 22°C for 16 weeks. Results are presented as mean ± SD for triplicate samples for 
each treatment group.
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Plate 5.1: Phast gel electrophoresis separation o f myofibrillar proteins extracted from 
freeze-dried mackerel.
Mackerel was stored for 16 weeks at 22°C. Lane 1 standard, lane 2 control (no 
antioxidants), lane 3 vitamin E and vitamin C (250; 250 mg kg '1), lane 4 vitamin E and 
vitamin C and citric acid (250; 250; 100 mg kg '1), lane 5 rosemary (250 mg kg '1).
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5.3.1 Measurement of hydroxides in oxidised methyl linoleate
In a study using methyl linoleate most of the hydroperoxides produced during the oxidation 
of methyl linoleate were spontaneously reduced to their more stable hydroxyl derivatives 
during the separation of the esterified hydroperoxide fatty acids from the esterified fatty 
acids. This was confirmed when the standards of the hydroperoxyoctadecadienoic acid 
(HPODA) was passed through the amino-phase SPE cartridges and stable hydroxyl 
derivatives were produced. Figure 5.4 (a) shows HPLC chromatogram of fresh methyl 
linoleate prior to its oxidation under UV light. Figure 5.4 (b) shows the formation of 
hydroxyl derivatives of hydroperoxides from methyl linoleate, oxidised under UV light for 
72 hours.
The use of authentic standards and results of GC-MS carried out by Saeed and Howell 
(1999) identified the positions of the hydroxides, it was shown that the peak eluted at 5 
minutes corresponded to 13-hydroxyoctadienoic acid (13-HODA) (cis-trans isomer) and 
the peak eluted at 10 minutes corresponded to 9-hydroxyoctadienoic acid (9-HODA) (tans- 
cis isomer). The hydroxyl derivatives of the standard of HPETE oxidised under UV light 
for 72 hours prior to transestérification and passage through the amino phase SPE is shown 
in Figure 5.5. The large peak eluting at approximately 7 minutes corresponds to the 12- 
hydroxy eicosatetraenoic acid (12-HETE). HPLC was also successfully used to detect the 
hydroxyl derivatives not only for the simple systems such as methyl linoleate but also for 
the more complex fish oil extracted from freeze-dried mackerel, as shown below.
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Figure 5.4: HPLC chromatogram of fresh and oxidised methyl linoleate.
(a) fresh methyl linoleate, (b) methyl linoleate oxidised under UV light for 72 hours.
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Figure 5.5: HPLC chromatogram of standard hydroxyeicosatetraenoic acid (HETE).
5.3.1.1 Hydroxide formation in dried stored mackerel
Results obtained for transesterified oil samples extracted from freeze-dried mackerel stored 
at 22°C up to and including 4 weeks, showed no peak corresponding to 13-HODA or 9- 
HODA (Figure 5.6 a). This suggests that at this stage of storage there was no indication of 
the commencement of oxidation and the development of hydroxyl derivatives of 
hydroperoxides. In control oil samples extracted from untreated freeze-dried mackerel 
stored for up to 16 weeks hydroxide analysis a major peak corresponding to 13-HODA 
eluting at approximately 4 minutes (Figure 5.6 b). Figure 5.7 shows three HPLC 
chromatograms of fish oil samples extracted from freeze-dried mackerel stored at 22°C 
with vitamin E + C (250; 250 ppm); vitamin E + C + citric acid (250; 250; 100 ppm) and 
rosemary (250 ppm) (Figure 5.7) respectively. In the control samples there were three 
major peaks eluting at approximately 4, 8 and 10 minutes corresponding to 13-HODA, 12-
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HETE and 9-HODA respectively. The same three peaks were also detected in the 
antioxidant treated samples, however, at a much smaller intensity, indicating antioxidant 
protection against lipid oxidation, particularly in the presence of vitamin E and vitamin C 
and citric acid (250; 250; 100 ppm) (Figure 5.7b).
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Figure 5.6: HPLC chromatogram of fish oil extracted from freeze-dried mackerel. 
a= 4 weeks 
b= 16 weeks
The sharp decline in the peroxide value in all samples beyond four weeks indicated the 
instability of the products formed resulting in the formation of secondary lipid oxidation 
products. Therefore, it is critical that the peroxide value should be used in conjunction with 
other methods such as TEAR analysis. An alternative method is to measure hydroxides, the
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breakdown products of hydroperoxides which are more stable. One possible suggestion for 
the presence of 12-HETE peak in chromatograms of oil obtained from fish stored at 22°C 
up to 16 weeks could be that this peak is perhaps a product of the enzymatic action of 
lipoxygenase on arachidonic acid. A study carried out by German and Kinsella (1986), 
showed that arachidonic acid reacted with enzyme lipoxygenase denatured by heat, had no 
peak corresponding to 12-HETE. All of the natural antioxidants partially inhibited HETE 
formation at 16 weeks (Figure 5.7).
Such inhibitory action is suggested to be due to structural similarities of the antioxidants to 
the catalytic site in lipoxygenase where the enzyme-radical complex is formed (German 
and Kinsella, 1986). The immediate oxidation product detectable at 235 nm is suggested to 
be linoleate hydroperoxide as verified using standards (German and Kinsella, 1986). 
Previous studies carried out on hydroxide/hydroperoxide analysis have shown that dietary 
triacylglycerides are broken down in the stomach, to release linoleic acid hydroperoxides. 
Indeed the primary lipid oxidation products of linoleic acid are found to be 
9-hydroperoxyoctadienoic acid (9-HPODA) and 13-hydroperoxyoctadienoic acid (13- 
HPODA) which are converted quickly in the biological surroundings to their corresponding 
hydroxyl acids (Spiteller, 1998). Lipid hydroperoxides may decompose rapidly, especially 
in the presence of transition metal ions such as iron or cupper, which are found 
ubiquitously in fish flesh as well as glassware or dust. Homogenisation of mammalian 
tissue at 22°C is also associated with activation of enzymes such as glutathione reductase 
which also convert lipid hydroperoxides to lipid hydroxides (Spiteller, 1998). Consequently 
levels of lipid hydroperoxide in tissue samples reflect a steady state concentration, but are 
not a good measure of the rate of lipid oxidation process. Nevertheless, studies on lipid 
hydroperoxide are useful for determining how fast lipid hydroperoxide molecules are 
transferred to other products (Rubbo et al., 1995; Schneider et al., 1997).
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Figure 5.7: HPLC chromatogram of hydroxides of oil extracted from freeze-dried 
mackerel.
(13-hydroxyoctadienoic acid (13-HODA), 12-hydroxyeicosaenoic acid (12-HETE) and 9- 
hydroxyoctadienoic acid (9-HODA) of fish oil extracted from freeze-dried mackerel stored 
at 22°C for 16 weeks with (a) E + C (250 ; 250 ppm), (b) E + C + citric acid (250; 250; 100 
ppm), (c) rosemary (250 ppm).
5.4 Conclusion
The combined use o f vitamin E and vitamin C and citric acid (250; 250; 100 ppm) and 
rosemary (250 ppm) slowed down lipid oxidation more significantly than the combination 
o f E + C (P < 0.01). Suggesting that metal chelators involved in eliminating radicals at the 
early stages o f oxidation are more effective as antioxidants than primary anti oxidants
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involved in later stages of oxidation. Synergism between antioxidants was clearly seen in 
samples treated with combination of vitamin E and vitamin C and citric acid. E + C + citric 
acid or rosemary alone can minimise changes in the functions of proteins possibly by 
inhibiting protein dénaturation caused by free radicals formed by lipid oxidation products.
117
CHAPTER SIX
118
6. Effects of natural antioxidants on freeze-dried stored food 
product formulated using horse mackerel (Trachurus trackurus) 
for developing countries
6.1 Introduction
Epidemiological investigations carried out by Dryerberg and Bang (Dryerberg and Bang, 
1979) in Eskimos, indicated the beneficial role of fish oils particularly prevention of heart 
disease. The abundance of PUFA is necessary for the development of the central nervous 
system (CNS), in particular during the third trimester of gestation (Agostini et a i, 1995; 
Innis et al, 1994; Carlson, 1995; Makrides, 1995). PUFA in fish oil have been shown to 
reduce the cholesterol levels in blood, by depressing the synthesis of triglycerides in the 
liver (Harris and Bashford, 1987; Griffin, 1997). These PUFA are easily oxidised during 
cooking (food processing) and frozen storage, yielding different kinds of mutagens, 
promoters and carcinogens such as fatty acid hydroxides, cholesterol hydroxides, 
endoperoxide, fatty acid epoxides, aldehydes and hydroperoxide radicals.
As discussed in the previous chapter lipid oxidation can be controlled by the use of 
antioxidants and chelators. They are classified into two major groups of primary and 
secondary antioxidants. Primary antioxidants such as tocopherol and ascorbic acid can stop 
the chain reaction by donating an electron to the peroxyl radical of the fatty acid and 
therefore stop the propagation stage (i.e. formation of linoleic hydroperoxide or a new 
linoleyl radical) (Esterbauer, 1995; Gordon, 1990; Pryor et al, 1976). Any compound 
which reacts with the initiating radical or can reduce the oxygen level (without generating 
reactive radical species) can be considered as secondary antioxidants (Frankel, 1999).
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It is generally recognised that in Africa, like other third World countries, many adults and 
children particularly infants in weaning period suffer from protein-energy malnutrition; 
therefore, they need a food specially prepared with proteins and other nutrients to 
supplement their diet with sufficient energy (Payne et a l, 2001). Fish proteins and oil, 
therefore, seems to be an area of great possibility in providing such high energy food and 
fulfilling the criteria (Ministry of Fisheries and Marine Resources Fisheries Statistics, 
1997). It is important to note that the new formulated food needs to be of the correct 
viscosity, consistency and colour and it needs to comply with the recommended nutritional 
status required.
In less developed countries, improving formulation of foods is often difficult due to the 
lack of resources; therefore, raw materials which are appropriate and readily available 
should be used. F AO/WHO (1983) published a list of permitted food additives and 
specifies that there is a maximum limit for contaminants such as toxins, trace elements and 
heavy metals and solvent residues (Cornelia, 1983). Ingredients used for foods must be free 
from pesticide residues; no exposure to ionizing radiation is permitted. The oceans off the 
coast of Africa and Asia have abundant supplies of fish. However, a major global problem 
is over fishing of mainly lean species and wastage of landed fish due to inadequate 
management and preservation. Thus, by improving storage and processing methods of 
underutilized species, mainly fatty fish, a high quality protein and lipid food can be made 
more widely available. In this chapter storage studies on a new food product developed by 
Badii and Howell (Badii and Howell, 2005) using hose mackerel was studied. Advanced 
spectroscopic and chromatographic techniques were used to monitor the biochemical 
changes during processing and storage such as lipid oxidation and protein dénaturation 
which can lead to loss of quality as well as wastage of food.
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6.2 Materials and methods
6.2.1 Materials
See section 2.1 in chapter 2.
6.2.2 Methods
Formulation and nutritional analysis of food was carried out using a computer program 
Microdiet 2000. Seven different recipes were prepared with fresh horse mackerel, rice 
flour, soya flour and vegetable and water to make each product (100 g) (Badii and Howell, 
2005). The formula was adjusted using the Microdiet 2000 programme to achieve a product 
in line with the international requirements for infant foods. All ingredients were carefully 
washed, finely chopped and weighed. A homogeniser was used to mix ingredients to make 
a soft paste which was transferred to a glass container, covered and cooked in microwave 
oven on full power for 1.5 minutes (Badii and Howell, 2005). To group A no antioxidant 
was added, therefore, this was the control group. Two lots of antioxidants were added at the 
same concentration before and after microwave cooking due to the destruction of 
antioxidants during cooking (Badii and Howell, 2005). All samples once mixed with the 
antioxidants were stored in sealed polyethylene bags at -80°C:
6.2.2.1 Freeze-drying
All of fish once mixed with the appropriate antioxidants were stored at -80°C overnight. 
The following day they were placed in ffeeze-dryer for up to three days, to allow complete 
drying of samples.
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Horse mackerel (fresh) 75 g 
Rice flour 105 g
Soya flour 60 g
Sun flour oil 25 g
Water 735 g
Figure 6.1 : The recipe chosen for the current study.
Prior to cooking the recipe, the homogenised samples were mixed thoroughly and equally 
divided into 4 groups (A, B, C, D); Group B = E + C + citric acid (250; 250; 100 ppm). 
Group C = E + C + citric acid & rosemary (250; 250; 100; 250 ppm). Group D = rosemary 
(250 ppm).
6.2.2.2 Lipid extraction from freeze-dried food product
Lipids were extracted from freeze-dried fish by the Bligh and Dyer method (1959). See 
section 2.2.2.1 in chapter 2.
6.2.2.3 Peroxide Value
See section 2.2.2.5 in chapter 2.
6.2.2.4 Thiobarbituric acid reactive substances (TEARS) preparation and analysis 
using HPLC
See section 2.2.2.6 in chapter 2.
6.2.2.5 Determination of hexanal concentration
See section 2.2.2.9 in chapter 2.
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6.2.Z.6 Statistical analysis
For all experiments, the mean and standard deviation were calculated. The difference of the 
means between triplicates of each sample was resolved by simple f-test. The significance of 
differences among the samples at the end of each time point during the 16 week storage 
was determined by analysis of variance (ANOVA) using the two-way ANOVA with a 
Bonferroni posttest SPSS computer program (SPSS Statistical Software 2000). The level of 
significance was set for p < 0.05.
6.3 Results and discussion
Traditional methods including the iodometric technique for peroxide value determination, 
thiobarbituric acid reactive substances (TEARS) and determination of hexanal were used to 
determine the primary, secondary and tertiary lipid oxidation products respectively.
6.3.1 Peroxide value
In this study, the peroxide value of oil extracted from the freeze-dried food stored at 22°C, 
treated with and without antioxidants, increased up to 8 weeks after which the value fell 
(Figure 6.2). There were significant differences between samples that were stored with 
antioxidants and samples stored without antioxidants (P < 0.01). Combination of vitamins 
E + C + citric acid (250; 250; 100 ppm) were found to be the most significant in controlling 
the oxidation of freeze-dried infant food stored at 22°C (Figure 6.1) compared with the 
control (P < 0.01) and other antioxidants (P < 0.05). Rosemary (250 ppm) also reduced the 
rate of oxidation; however, the drop in PV after 8 weeks was slightly higher than the 
samples treated with combination of E + C + citric acid (Figure 6.2). It is important to note
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that lipid oxidation as determined by peroxide value can be further reduced by appropriate 
packaging.
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Figure 6.2: Peroxide value obtained from freeze-dried and stored food product with and 
without antioxidants.
Antioxidants used were: combination of vitamin E + C + citric acid (250; 250; 100 ppm), 
combination o f vitamins E + C + citric acid + rosemary (250; 250; 100; 250 ppm) and 
rosemary (250 ppm) and samples were stored at 22°C for 16 weeks. Results are presented 
as mean ± SD for triplicate samples for each treatment group.
6.3.2 TEARS analysis
There was an increase in the TEARS value in untreated (control) samples (P < 0.01) and 
those treated with a combination o f vitamins E + C + citric acid + rosemary (250; 250; 100; 
250 ppm) (P < 0.01) compared with the other treatment groups, (Figure 6.3). Samples 
stored with combination of vitamins E + C + citric acid and rosemary were found to be the 
most effective (P < 0.05) against oxidation (Figure 6.3).
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Figure 6.3: Thiobarbituric acid test results obtained from freeze-dried and stored food 
product with and without antioxidants
Antioxidants used were: combination o f vitamin E + C + citric acid (250; 250; 100 ppm); 
combination o f vitamins E + C + citric acid + rosemary (250; 250; 100; 250 ppm); 
rosemary (250 ppm) and samples were stored at 22°C for 16 weeks. Results are presented 
as mean ± SD for triplicate samples for each treatment group.
6.3.3 Hexanal measurement
In all antioxidant treated samples as well as the control samples there was a rise in hexanal 
concentration for up to 8 weeks, which dropped only in the antioxidant treated groups and 
continued to rise in the control samples. This rise was significantly sharp in the control 
group (P < 0.001) compared to that of the other groups (Figure 6.4).
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Figure 6.4: Hexanal concentration results of freeze-dried food product stored with and 
without antioxidants
Antioxidants used were: combination of vitamin E + C (250; 250 ppm), combination of 
vitamins E + C + citric acid (250; 250; 100 ppm) and rosemary (250 ppm) and samples 
were stored at 22°C for 16 weeks. Results are presented as mean ± SD for triplicate 
samples for each treatment group.
As confirmed by the data obtained from the PV and TEARS, antioxidants particularly a 
combination of vitamins E + C + citric acid (250; 250; 100 ppm ) were found to reduce the 
hexanal concentration significantly compared with E + C+ citric acid + rosemary (250; 
250; 100; 250 ppm) (P < 0.01), rosemary (250 ppm) (P < 0.05) and the control (P < 0.001) 
and protect against oxidation. In all of the assays the data showed that antioxidants reduced 
the rate of lipid oxidation quite significantly compared to the untreated control groups (P < 
0.01). A combination o f vitamins E + C + citric acid (250; 25; 100 ppm) showed a 
synergistic effect and delayed the induction period compared with other treatments. 
Vitamin C reduces tocopheroxyl radical intermediate to regenerate a-tocopherol, hence, C 
can reinforce the antioxidant action o f vitamin E by regenerating the oxidized form o f 
vitamin E. Therefore to increase effectiveness combinations of antioxidants are used,
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whereby, oxidation is inhibited at various stages of processing. The most active dietary 
antioxidants in plants are phenolic and polyphenolic compounds such as rosemary extracts. 
The most important among them are tocopherols and tocotrienols, as well as flavonoids. 
Tocopherols are shown to reduce and inhibit the formation of hydroperoxides (Porter,
1995), and inhibit peroxide decomposition. The tocopherols are believed to also function as 
oxygen absorbers by scavenging singlet oxygen through a quenching process (Makinen and 
Hopia, 2000). In several studies carried out on lipids in the green parts of plants, it is shown 
that these lipids are commonly protected by low amounts of a-tocopherol synergised by 
other phenolic and non-phenolic antioxidants (Kamal-Eldin and Appleleqvist 1996). For 
tocopherols to reach maximum antioxidant activity, they must be present in amounts of 100 
ppm to 500 ppm for a-tocopherol and y-tocopherol respectively.
On the other hand the activity of phenolic antioxidant is often lost at high concentrations, 
and they may become pro-oxidative. This is due to their involvement in initiation (Gordon, 
1990). Pro-oxidant behaviour of a-tocopherol occurs under oxidative stress as there is an 
increase of a-tocopherol radicals which may initiate lipid oxidation, but this can be 
inhibited if there are other antioxidant compounds since they can be reduced from the 
radical state (Rietjens et al, 2002). There are synergistic effects reported when used with 
ascorbic acid (Peyrat-Maillard et al, 2001), which may act on the vitamin E to reduce it.
A combination of vitamins E + C + citric acid (250; 250; 100 ppm) proved to be a more 
effective combination of antioxidants. This is possibly due to the presence of both naturally 
occurring metal chelating acids (ascorbic and citric), which isolate and inhibit the ability of 
the metals to initiate or catalyse the oxidation reaction. Thus vitamin E or C may enhance 
the functions of one another as well as ascorbic acid acting on vitamin E causing a 
synergistic effect. Ascorbic acid has a dual function as it can act as oxygen absorber as well
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as a chelator. It has low solubility in oil but being water soluble, ascorbic acid can act at the 
water phase whilst vitamin E is being oil soluble is more effective in the oil phase. In 
another study it was shown that a-tocopherol is capable of becoming a pro-oxidant at levels 
as low as 400 ppm in fats and rosemary at 500 ppm is a prooxidant (Howell, unpublished 
data). Therefore antioxidants must be added with sufficient recognition of the pro- and 
antioxidants behaviour in the matrix to be protected.
Rosemary (250 ppm) alone also exhibited good antioxidant properties. The amount of 
rosemary that can be used is limited as some of the extracts have compounds with strong 
odour and taste (Perez-Mateos et a l, 2002). The antioxidant properties of rosemary are due 
to large amounts of phenolic compounds present which act as free radical acceptors thus 
stopping the chain reaction (Perez-Mateos et al, 2002). In the present study, samples 
treated with a combination of vitamins E + C + citric acid + rosemary (250; 250; 100; 250 
ppm) reduced lipid oxidation; however, this combionation of antioxidants was not as 
effective compared with a combination of vitamin E + C + citric acid (250; 250; 100 ppm) 
or rosemary (250 ppm) alone. This is possibly due to the use of high concentration of total 
antioxidant level; in another study it was shown that a-tocopherol is capable of becoming a 
pro-oxidant at levels as low as 400 ppm in fats and rosemary at 500 ppm is a prooxidant. 
Therefore antioxidants must be added with sufficient recognition of the pro- and 
antioxidants behaviour in the matrix to be protected. Further work should be carried out to 
find the optimum concentration in fish and infant food containing fish.
In this study the final reaction products of oxidative rancidity such as hexanal was also 
measured. During lipid oxidation, intermediate hydroperoxides are always formed initially 
as seen by PV or hydroperoxide measurement; then eventually converts into the final 
reaction products. There are many final reaction products and the proportions and type vary
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across samples types. Therefore, unlike PV there are no agreed levels as to what is 
acceptable with regard to rancidity. This is made more complex by the PV level cycling 
with time, this usually occurs as the PV increases to an initiation level at which the 
conversion into the final product starts to occur and PV begins to fall. This is why PV 
formation is often slow at first during initial phases, which could be from a few weeks to 
several months, it then reaches a peak during lipid oxidation and declines, and therefore, 
this method is only useful in the initial stages of lipid oxidation. However, hexanal as a 
final reaction product will not cycle, but continue to increase in concentration in the 
material that is undergoing oxidative rancidity (see figure 3). Although, hexanal content is 
not an independent measurement of lipid oxidation, it can be used in conjunction with PV 
measurements.
6.4 Conclusions
The mixture of vitamin E + vitamin C + citric acid (250; 250; 100 ppm) exhibited a strong 
synergistic effect. Also vitamin C as well as citric acid synergism involves the metal 
inactivating effect of both the antioxidants. It is important not to exceed the level of 
antioxidants used in food as excess amount can lead to further oxidation.
CHAPTER SEVEN
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7. Cytotoxicity of oil extracted from stored freeze-dried food 
product formulated using mackerel {Scomber scombrus) with and 
without the use of antioxidants, in cultured colonal human 
intestinal cancer caco-2 cells
7.1 Introduction
Food products formulated using fish have a high nutritional value due to the presence of 
polyunsaturated fatty acids (PUFA) and high quality proteins that are beneficial for human 
consumption particularly in developing countries. High contents of PUFA in fish makes it 
more susceptible to lipid oxidation resulting in toxic compounds such as reactive oxygen 
species (ROS) and reactive nitrogen species (RNS) (Blankenhom et al, 1990). Such 
reactive species are associated with a disturbance between oxidation and reduction status 
leading to oxidation of lipids and proteins (Vaya and Aviram, 2001). Lipid oxidation 
involves a series of chain reactions which can be disrupted by chain-breaking antioxidant 
capable of quenching lipid peroxyl radicals. Examples of such antioxidants are phenols like 
vitamins E, ascorbic acid (vitamin C) and citric acid.
Hydroxyeicosatetraenoic acid (HETE) and hydroxyoctadecadienoic acid (HODE) are the 
major active hydroxylated fatty acids formed via the lipid oxidation of arachidonic acid and 
linoleic acid respectively (Goto et al., 1998). They are involved in different cellular actions 
such as cell proliferation, migration and regulation of enzyme activities such as 
phospholipases and kinases (Chang et ah, 1997). The existence of such variety of activities 
suggests that there are several mechanisms involved in mediating the biological effects of 
these hydroxylated fatty acids. Several in-vitro studies have shown that at low
72P
130
concentrations (1 |iM), such lipid hydroxides cause an increase in cell proliferation, 
whereas at higher concentrations (<10 pM) they cause an increase in intestinal redox 
imbalances and DNA oxidative damage, but cells were still >90% viable. At much higher 
concentrations (20 and 50 pM) they cause substantial apoptotic cell death (Fernandez et al,
1996). However, it is suggested that cell line responses to PUFA in cell proliferation or cell 
death are in a non-uniform manner depending on the cell origin.
Damage caused by lipid hydroxides is of interest and some work has been undertaken to 
establish the mechanism involved in cell death, whether caused by induced internal cell 
signalling—apoptosis or induced direct damage- necrosis (Finstad et al., 1998). Fish oil 
taken in the diet can cause a significant degree of differentiation compared with com oil (in 
proximal and distal colon) (Finstad et al, 1998). Also supplementation of the diet with fish 
oil showed an increase in number of apoptotic cells in both the regions compared with com 
oil (Finstad et ah, 1998). The mechanism of apoptosis induced by fish oil PUFA is not yet 
fully understood, but one hypothesis suggests the possible link between dietary intake of 
fish oil and modulation of gene mutation and expression. For example, fish oil is shown to 
reduce Ras expression and Ras mutation more than in animals fed on com oil diets. Also in 
another study by Fernandez et al, it was shown that both the mRNA and protein levels of 
transforming growth factor (TGF), associated with negative regulation of growth and 
apoptosis, were enhanced in the spleen and kidney in the presence of fish oil supplemented 
diet (Ranheim et al., 1994). Fas genes are also shown to be up regulated in the presence of 
fish oil, which is involved in promoting apoptotic cell death. Uptake of fatty acids to the 
cells is believed to be mediated by passive diffusion. Once they are inside the cell, they 
affect the cellular fatty acid synthesis, lipid peroxidation and also change the membrane 
fluidity (Gallani et al., 2004).
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Some studies suggest that antioxidants and inhibitors of lipid oxidation do not counteract 
the effects of oxidized fatty acids on cell death; hence, there must be another way via which 
these fatty acids exert their biological effects (Sandstrom et al, 1995). One possible 
suggestion has been the accumulation of lipid droplets which can induce apoptosis. The 
PUFA once oxidized and present in the cell are shown to prevent the transport of 
triglycerides (TAG) by inhibiting phosphilipoprotein B responsible for TAG transporation 
out of the cell, subsequently causing accumulation of TAG within the cell forming lipid 
droplets (de Boer et al, 1992).
From other studies it is clear that the PUFA indeed play an important role in the reduction 
of cell proliferation and enhancement of cell death either by apoptosis or necrosis. The 
exact mechanism of such involvement in the cell cycle is not yet fully understood. The aim 
of this study was to investigate the possible cytotoxic effects of simple PUFA like ML or 
complex PUFA like fish oil, as well as oils extracted from dried fish products, oxidized as a 
result of lipid peroxidation on human Caco-2 cell viability in-vitro.
7.2 M aterials and m ethods
7.2.1 Materials
For all the chemicals used see section 2.1 in chapter 2.
The human colorectal carcinoma cell line Caco-2 was obtained from European Collection 
of Cell Cultures (ECACC) CAMR, UK and was grown in 25 cm2 plastic flask at 37°C in 
air with 5% CO2 in minimal essential medium-MEM (Gibco, Paisly UK). The medium was 
supplemented with 10% FBS (foetal bovine serum), 0.5% glutamine (20 mM, Gibco, UK) 
and 0.5% gentamycin (1 mg/100 ml, Gibco, UK). For subcultures the medium was
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removed and the cells were detached from the culture flask with a 0.25% trypsin/EDTA 
solution (Gibco, UK). Culture solution (10 ml) with 10% FBS was added to stop 
trypsinisation. Cells were centrifuged at 120 g  for 5 minutes and resuspended with fresh 
medium for seeding in plates or new culture bottles.
7.2.2 Methods
7.2.2.1 Extraction of lipids
See section 2.2.2.1 in chapter 2.
1.22.2 Peroxide Value
See section 2.2.2.S in chapter 2.
7.2.3 Thiobarbituric acid reactive substances (TEARS) preparation and 
analysis using HPLC
See section 2.2.2.6 in chapter 2.
7.2.4 Seeding Caco-2 cells 25 cm2 plastic flask
The human colorectal carcinoma cell line Caco-2 was obtained grown in 25 cm2 plastic 
flask at 37°C in air with 5% CO2 in minimal essential medium-MEM. The medium was 
supplemented with 10% FBS (foetal bovine serum), 0.5% glutamine (20 mM) and 0.5% 
gentamycin (1 mg/100 ml). For subcultures the medium was removed and the cells were 
detached from the culture flask with a 0.25% trypsin/EDTA after a 10 ml PBS wash. 
Followed by the tiypsin/EDTA, 10 ml of culture medium with 10% FBS was then added to 
stop trypsinisation. Cells were centrifuged at 120 g for 5 minutes and resuspended with 
fresh medium for seeding in plates or new culture bottles.
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7.2.5 Seeding Caco-2 cells into 96 well plates
The cells in the flasks are removed the same way as explained in section 7.2.4 using 
trypsin/EDTA. The cells are washed using PBS and the dead cells are removed using the 
vacuum. The suspension of the cells after centrifugation is then seeded into the 96 well 
plates according to the calculation shown below:
cells needed . ,----------------volume made up
cells present ^
Before seeding the cells, they are counted using trypan blue and haematocrit.
7.2.6 Caco-2 Tétrazolium salt (3- (4,5-dimethyl thiazol)-2,5- 
diphenyltetrazolium) bromide (MTT) assay
The aim of this experiment was to obtain a time course (0, 16, 1, 2, 3 and 4 hours) of Caco- 
2 cell viability using MTT reagent. The cell line was passaged into 96 well plates using the 
same procedure for preparing of subcultures as described above. Once ready the plates 
were read on a plate reader at the wavelength of 540 nm. The average was taken from each 
time point of each plate. The following solutions were prepared and stored as appropriate.
7.2.6.1 PBS stock
One tablet was dissolved in 100 ml of milli Q water and autoclaved to sterilise.
1.2.62 MTT stock
MTT (150 g) was dissolved in milli Q water (300 ml) and sterilised and filtered into aliquot 
(1 ml) and stored at -20°C. The final concentration of MTT was 5 mg/ml.
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Glycine buffer
Glycine buffer was made using glycine which was dissolved in milliQ water and adjusted 
to pH 10.5 with sodium hydroxide and was stored at 4°C.
Sorenson’s buffer
DMSO (10.8 ml) and glycine buffer (1.8 ml) was prepared per 96 well plate. Once all the 
buffers have been prepared, the 96 well plates were prepared and each time point was 
repeated 6 x per 96 well plate; 0, 1, 2, 3 and 4 hours. Starting with the longest time point
(4 hours), MTT stock (15 pi) was added to each well. The following time point was added 
over the following 4 hours appropriately until 0 hours. At time point 0, MTT stock (15 pi) 
was added and then immediately shaken off with all media from the 96 well plates. 
Ssorensons buffer (175 pi) was then added into each well to stop the reaction. Plates were 
then placed upon the shaker at 200 rpm for 15 minutes. This was repeated for each plate. 
Once ready the plates were read on a plate reader at the wavelength of 540 nm. The 
average was taken from each time point of each plate. These three results were also 
averaged and an absorbance curve was produced based on this.
7.2.7 Dose-response assay: Cell density validation
The aim of this assay was to identify the best density of cells in order to carry out the 
experiments. Once the cells reached confluence they were passaged as explained above and 
seeded at different densities of: (100 x 103, 5x104, 4x104, 3x104, 2x104, 1.5xl04, IxlO4, 
5x103 and IxlO3). Once all the required densities were obtained the cells were seeded in 96 
well plates as described above and were incubated for 24 hr at 37°C. The following day the 
cells were removed, the 10% FBS media was removed and replaced with 2% FBS media.
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The cells were then treated with MTT as described before and were incubated for 2 hours 
before reading the absorbance at 550 nm.
7.2.8 LDH leakage assay.
LDH assay was carried out according to instructions for the LDH kit bought from Sigma, 
UK. The percentage of LDH release was measured at four different time points of 0, 24, 48 
and 72 hours after addition of oil samples to the cultured Caco-2 cells. The cells were 
allowed 24 hours incubation time prior to any treatments. The concentrations of methyl 
linoleate (ML) and fish oil used were 0, 20, 40, 80 and 100 pg/ml.
7.2.9 Statistical analysis
For all experiments, the mean and standard deviation were calculated. The difference of the 
means between triplicates of each sample was resolved by simple /-test. For each of the 
tests (PV, TEARS and LDH) the impact of antioxidants and storage time on cells was 
calculated using Two-way ANOVA with a Bonferroni posttest SPSS computer programme. 
One-way ANOVA was used to detect any significant differences among the antioxidant 
treatment groups of vitamins E + C + citric acid (250; 250; 100 ppm); rosemary (250 ppm) 
as well as different oil samples at the same time point. The same test was used to look for 
any significant differences between using difference concentrations of oil on Caco-2 cells. 
Post hoc test was applied with one-way ANOVA test to detect such significant changes. 
The level of significance was set for p < 0.05. The statistical analysis was carried out on 
SPSS statistical Software 2000.
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7.3 Results and discussion
7.3.1 MTT- Time course assay.
A time course (0, Vi, 1, 2, 3 and 4 hours) of Caco-2 cell viability using MTT reagent is 
shown in Figure 7.1 as the standard curve representing the formation o f formazan dye in 
Caco-2 cells over 4 hours incubation at 37°C as measured using the MTT assay. The results 
show a good production of formazan over the time course studied; a difference of 
approximately 0.5 was observed in the absorbance from 0-4 hours treatment. Therefore for 
the follow up studies an incubation period of 2 hr was used, as after 3 hours the curve 
reached a steady state.
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Figure 7.1: Production o f Formazan in Caco-2 cells. 
The data represent mean ± SD of n=6.
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7.4 D ose-response assay: cell density  validation .
These results indicate that both simple and complex fatty acids once oxidized can induce 
cytotoxicity as a result of lipid peroxidation. Figure 7.2 shows a graph representing the 
different densities of Caco-2 cells treated with MTT for 2 hr. In order to perform a robust 
cell viability assay it was necessary to establish a relationship between the number of 
viable cells and the corresponding absorbance measurement post application of the MTT 
solution to the 96 well plate. There was a linear relationship between the absorbance and 
number of cells from 0 to 1.5x104 at 24 hr post MTT application. From the results it was 
decided to choose the IxlO4 cell density for future studies involving treatment with ML and 
oil extracted from horse mackerel.
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Figure 7.2: Cell MTT assay to choose the most appropriate cell density. 
The data represent mean ± SD of n=6.
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7.4.1 Cytotoxicity of fresh ML or mackerel oil incubated in caco-2 cells for 
24,48 and 72 hours
Percentage of LDH release as a result of cellular damage in caco-2 cells challenged with 
different concentrations of fresh ML and fish oil (extracted from mackerel) is shown in 
Figure 7.3 (a). Fresh ML shows a higher percentage of LDH release compared with fresh 
mackerel oil (P < 0.01). In caco-2 cell cultures incubated with fresh ML for 24 hours 
(Figure 7.3 a), a dose-dependent increase in LDH release (an increase in cell damage) was 
detected compared with proliferating untreated cells; the percentage of LDH release in cells 
incubated with fish oil for 24 hours initially rose with an increase in the concentration of 
oil, but then drops at 80 and 100 jig/ml.
An increase in LDH release was seen in cells incubated for 72 hours with fresh ML 
compared with the control group, which was not dose-dependent; caco-2 cells incubated for 
72 hours with fresh fish oil showed an increase in LDH release compared with the control 
group, which declined by increasing concentration of fish oil. An interesting finding was 
that of cells incubated with 100 pg/ml of fish oil, where a decrease in LDH release was 
detected compared with 20, 40 and 80 pg/ml of fish oil (P < 0.001). At low concentrations 
there was an increase (P < 0.01) in percentage of LDH release indicating cellular damage, 
whereas, at higher concentration and longer incubation time there was a drop (P < 0.01) in 
the percentage of LDH release suggesting cell survival and cellular proliferation. Generally 
fresh ML presented a higher reduction in cell viability compared with non-oxidized oil, 
although ML was purchased from Sigma, peroxide value measurements, indicated that 
there was a substantial level of PUFA oxidation already in this sample, which was 
consistent with the observed cellular cytotoxicity of this oil.
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7.4.2 Cytotoxicity of ML or mackerel oil oxidised under UV light for 24,48  
and 72 hours and incubated in caco-2 cells for 24,48 and 72 hours
Percentage of LDH release in caco-2 cells treated with ML and fish oil oxidised under UV 
light for 24, 48 and 72 hours is shown in Figure 7.3 (b, c and d) respectively. In cells 
treated with ML and fish oil oxidized under UV light for 24, 48 and 72 hours, an increase 
in the percentage of LDH release was detected in all concentration groups compared with 
the untreated proliferating cells (P < 0.001). The levels of LDH release fluctuated greatly 
among different concentration groups, suggesting that there was no dose-dependent 
relationship. However, increasing the incubation time of cells with oxidized oils 
significantly increased LDH release (P < 0.01).
The increase in LDH release in cells treated with oxidised ML, was initially higher than 
that of cells treated with oxidised fish oil; however, fish oil oxidised for 48 and 72 hours 
showed a much higher LDH release compared with ML oxidised for the same duration, 
except for 100 jig/ml concentration of fish oil, where a lower LDH release was detected 
compared with oxidised ML (Figure 7.3
Figure 7.3 c and d). Percentage of LDH release in cells treated with ML and fish oil 
oxidised for 72 hours was much lower (almost half) compared with cells treated with ML 
or fish oil oxidized for 24 or 48 hours (P < 0.01) (
Figure 7.3Figure 7.3 d). In all samples, at higher concentrations of oxidized ML or fish oil, 
there was a significant decrease in percentage of LDH release, particularly in those samples 
that were oxidized for 72 hours then added to the cells and incubated for 48 or 72 hours 
prior to LDH measurement.
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Figure 7.3: Percentage of LDH release in Caco-2 cells.
The cells were challenged with different concentrations o f fresh ML (bought from Sigma) 
and fresh oil extracted from mackerel (A), 24 hrs (B), 48 hrs (C) and 72 hrs (D) oxidized 
ML and fish oil under UV light.
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At longer incubation time of 72 hours Caco-2 cells treated with fatty acids at higher 
concentrations there was a decrease in percentage of LDH release which may suggest 
possible cell proliferation. This data suggests that it may be oxidation products such as 
peroxides and hydroperoxides that are involved in cellular cytotoxicity, which is dependent 
on storage conditions and time. The data for fish oil suggests that cellular changes as 
indicated by a rise or a drop in LDH release do not only depend on the concentration of oil 
used, but also on the incubation duration of oil in cultured cells.
7.4.3 Effects of oil extracted from freeze-dried food product stored with and
without antioxidants for 16 weeks at 22°C on human Caco-2 cells using 
LDH leakage assay
The graph in Figure 7.4 (a) shows that as the duration of storage of freeze-dried food 
product at 22°C increased so did the percentage of the LDH released into the cytoplasm as 
a result of cellular damage. In the control samples there were no significant differences 
between the percentage of LDH released in cells treated with different concentrations of oil 
except samples at 80 fig/ml concentration where the rise in LDH release was significantly 
larger than for other concentrations (P < 0.05). Maximum damage was detected between 
weeks 4 and 8 of storage at 22°C after freeze-drying. Figure 7.4 (b) and (c) show the 
percentage of LDH release in Caco-2 cells treated with oil extracted from freeze-dried food 
product formulated using horse mackerel stored at 22°C for 16 weeks in the presence of 
natural antioxidants such as vitamins E + C + citric acid (250; 250; 100 ppm) and rosemary 
(250 ppm) respectively. As seen in the graph the percentage of LDH release increased with 
increased time of storage of the food product particularly in the control samples in the 
absence of antioxidants. In rosemary treated group a clear dose response (P < 0.05) was 
detected in the LDH release by increasing the concentrations of oil. This observation was
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not detected in vitamin E + C + citric acid group. Figure 7.4 (c) shows a clear reduction in 
the percentage of LDH released, but the dose response was abolished by combination of 
antioxidants. Rosemary (250 ppm) (P < 0.05) and combination of vitamins E +C + citric 
acid (P < 0.01) provided a significant delay in the rate of lipid oxidation, which was 
reflected in lower cellular damage as seen by a significant decrease in the percentage of 
LDH release compared to the control without antioxidants (Figure 7.4 b and c 
respectively).
Peroxide value measurement and the level of thiobarbituric acid (TEA) reactivity also 
showed that the stored freeze-dried food without any antioxidants had undergone 
considerable lipid oxidation (Figure 7.5, Figure 7.6). It was interesting to see that at eight 
weeks of storage at room temperature, the same time at which there was a reduction in the 
LDH release there was also a significant drop in the peroxide value; however, TEARS 
continued to rise (Figure 7.5, Figure 7.6). This finding also suggests that the drop in 
percentage of LDH release may be due to the drop in the formation of primary oxidation 
products rather than the secondary oxidation products such as MDA.
The data confirms that the degree of oxidisation occurring in food products rich in PUFA is 
highly dependent on the temperature and length of storage and presence of antioxidants. 
Formation of MDA and TEA activity observed in oxidized lipid (stored at 22°C for long 
duration such as 4-16 weeks) indicated that the lipid hydroperoxides changed to secondary 
oxidation products (MDA) under different storage times (Figure 7.6).
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Figure 7.4: Percentage of LDH release in Caco-2 cells treated with oil.
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Figure 7.5: Peroxide value of oil extracted from freeze-dried food product stored with and 
without antioxidants.
Food product was formulated using horse mackerel, stored with vitamins E + C + citric 
acid (250; 250; 100 ppm) or rosemary (250 ppm) at 22°C for 16 weeks.
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Figure 7.6: Thiobarbituric acid test results obtained from freeze-dried food product stored 
with and without antioxidants.
Food product was formulated using horse mackerel, stored with vitamins E + C + citric 
acid (250; 250; 100 ppm) or rosemary (250 ppm) at 22°C for 16 weeks.
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Peroxide values also increased with storage time from 1-8 weeks (Figure 7.5). After 8 
weeks of storage, the PV value significantly dropped in all samples which was parallel to 
the drop in the LDH percentage in cultured cells. In this study, no dose dependent relation 
was observed in the cell viability assay, as by increasing the concentration of oil used to 
challenge the Caco-2 cells no significant difference was detected in the percentage of LDH 
release. However, the results of the cell viability assay as well as lipid oxidation tests 
clearly showed that the lipid became more oxidized with storage time. It is suggested in 
many studies that oxidized lipid causes more damage than normal lipid to cells, primarily 
via the signalling pathway or toxic hydroperoxides such as 15-hydroperoxyeicosatetraenoic 
acid (15-HPETE) or 13-hydroperoxydodecadienoic acid (13-HPODE) (Sandstrom et al. 
1995).
Lipid oxidation products can cause cell cytotoxicity by reducing the protective mechanisms 
of the cell such as the GSH ratio (Rhoads et aL, 1998) and by inducing apoptosis via 
upregulation of apoptotic signalling molecules (Fernandez et aL, 1996). The oil extracted 
from freeze-dried food stored for 8 weeks and more than 8 weeks at 22°C caused a decrease 
in percentage of LDH release hence, an increase in cell viability compared with freeze- 
dried food stored for shorter time period (Figure 7.4 C). The level of oxidation in the 8 
week old freeze-dried food was identified by peroxide value and TEARS measurement 
(110 MEq peroxide/kg oil and 135 mg TEARS/ kg oil in the control samples) (Figure 7.5, 
Figure 7.6). This confirms the earlier findings in this study where a drop in percentage of 
LDH release may be due to a drop in formation of primary oxidation products.
In this study, there was a decrease in LDH release in cells challenged with oil extracted 
from freeze-dried food product stored at 22°C for 8-16 weeks. Some early studies carried
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out demonstrated that the lipid hydroperoxides and hydroxides have a mitogenic effect on 
the colonic mucosa and can cause Caco-2 cell proliferation (Goto et aL, 1998). Indeed it is 
thought that such cell proliferation responses can enhance intestinal carcinogenesis. From 
these results it can be seen that there is an increase and a decrease in percentage of LDH 
release as a result of damage to the cells, which could suggest possible increase or decrease 
in cell proliferation responses. It is possible that at high levels of lipid oxidation and in the 
presence of high concentrations of lipid oxidation products such as hydroperoxides and 
their corresponding metabolites, hydroxides, there is a decrease in cell viability caused 
possibly by apoptosis or necrosis and at lower concentrations of oxidation products as well 
as lipid oxidation there is an increase in cell viability via cell proliferation.
7.5 Conclusion
It appears that at low levels of lipid oxidation commonly caused at early stages of storage 
in the presence of low levels of oxidation products cultured cells undergo cell proliferation 
which then progresses into cell death as more oxidation products are generated. It is 
suggested that as a decrease in the percentage of LDH concurred with a decrease in PV 
value after 8 weeks of storage of a freeze-dried food at 22°C, that the rate of cell 
proliferation and cell death is dependent on the rate of formation of primary oxidation 
products such as peroxides and hydroperoxides. Further studies are needed to determine the 
exact mechanism by which cellular cytotoxicity and cell death takes place. Reductions in 
cell viability were observed for control oil samples (Caco-2 cells treated with oil in the 
absence of antioxidants). In the presence of antioxidants (vitamins E + C + citric acid) and 
rosemary showed a significant decrease in the percentage of LDH release compared with 
the control (without antioxidants) group (P <0.01) and (P < 0.05) respectively.
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8. Dioxins, dioxin-like pcbs and non-dioxin-like pcbs in marine fish: 
occurrence and dietary intake in the developing countries
8.1 Introduction
Fish is known to have proteins of high biological value as well as certain minerals and 
vitamins. Other health benefits may be related to polyunsaturated fatty acids (PUFAs) 
especially essential omega-3 PUFAs, the long chain form is present in oily fish. Essential 
fatty acids are needed for growth and repair of nervous tissue and for the maintenance of its 
structure. Extensive research has shown that the consumption of long chain omega-3 
essential oils from fatty fish have associated benefits in reducing mortality from heart 
disease and improving symptoms of a number of diseases including multiple sclerosis, 
rheumatoid arthritis and osteoporosis.
However, oily fish can be a major source of lipophilic contaminants entering the human 
food chain Ministrey of Agriculture Fisheries ans Food / Health and Safety Executive, 
1997; Jacobs et aL, 1997). Thus while there is some evidence that mortality from 
cardiovascular diseases, and possibly even from cancer, maybe decreased in fishermen, 
mortality from myeloma, a cancer suspected of being induced by dioxin, was observed to 
increase in areas contaminated by these chemicals such as the Baltic Sea (Kiviranta et aL, 
2004). Thus there can be both positive and negative health consequences to a diet of large 
quantities of fish.
Human exposure to ‘dioxins’ (polychlorinated dibenzo-p-dioxins and polychlorinated 
dibenzofurans -  abbreviated to PCDD/Fs) and dioxin-like polychlorinated biphenyls
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(PCBs) is principally via the diet (Sidhu, 2003). The International Agency for Research on 
Cancer (IARC) has classified 2,3,7,8-TCDD (the most potent of the ‘dioxins’ -  structure 
below) as a known human carcinogen (Van den Berg, 2000). Accordingly, human 
exposure to ‘dioxins’ (Figure 8.1) and dioxin-like (Figure 8.2) PCBs must be minimised.
Figure 8.1 Structure of 2,3,7,8 -tetrachlorodibenzo-p-dioxin
•—-Cl
Figure 8.2 Structure of PCB 126 (3, 3’, 4, 4’, 5-pentachlorobipheny 1)
Some PCBs may adapt a planar conformation and activate the aryl hydrocarbon (Ah) 
receptor. These PCBs are thought to share a common mode of toxic action with dioxin 
(2,3,7,8-TCDD) (Van den Berg et aL, 1998). Some PCDDs and PCDFs are capable of 
activating the Ah receptor. Toxic Equivalent factors (TEF) provide estimates of the toxicity 
of the dioxin-like PCBs, PCDDs and PCDFs based on their activities relative to TCDD. 
PCDDs and PCDFs are introduced into the environment from industrial activities, 
combustion and as contaminants in PCB mixtures (Judd et aL, 2004). TEFs provide a clear 
system for adding exposures to dioxin-like PCBs, PCDFs and PCDDs. The final value is
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referred to as toxic equivalency quotients (TEQs). In this system, an exposure to a 
particular contaminant is calculated by multiplying the concentration by its TEF value to 
convert it to an equivalent amount of TCDD exposure, based on toxicity. For example if 
exposure to a certain amount of a PCB congener is measured as pg, then the value will be 
multiplied by its TEF to express the exposure in pg TEQ, equivalent to the amount of 
TCDD to cause similar toxicological effect. Also if exposure is measured as pg/g fish or 
pg/kg human body weight, then multiplying the value by its TEF would express exposure 
in pg TEQ/g fish or pg TEQ/kg human body weight respectively.
In 1990, the World Health Organisation (WHO) Regional office for Europe suggested a 
tolerable daily intake (TDI) of 10 pg 2,3,7,8-TCDD/kg body weight per day. In 1998 WHO 
re-assessed human dietary exposure to PCDD/Fs and PCBs (WHO European Centre for 
Environmental and Health, 1998) and revised the TDI downwards. The Scientific 
Committee for Food (SCF) recommended lowering the weekly intake for PCDD/Fs and 
PCBs to 2 pg TEQ/kg bodyweight. The Joint Food and Agriculture Organisation 
(FAO)AYHO Expert Committee on Food Additives (JECFA) suggested a similar figure, at 
70 pg TEQ/kg body weight per month. There is thus increasing focus on the principal 
sources of human dietary exposure to PCDD/Fs and PCBs in order to minimise or 
eliminate associated risks of ill health.
National diets vaiy widely, even within Europe. However, researchers in several countries 
have noted that the consumption of fish and fish products is a significant source of human 
exposure to PCDD/Fs and PCBs (Van den Berg, 2000). PCDD/F and PCB concentrations 
vary widely in fish. They depend upon the species of fish, geographical origin, age and 
other parameters. Current EU legislations on levels of dioxns (with the exception of some
150
151
countries that consume fish from the Baltic Sea) states that fish with higher than 4 
pg/WHO-PCDD/F-TEQ/g whole weight cannot be used for human consumption.
Data are available on the concentrations of PCBs, and other organochlorine contaminants 
such as PCDDs and PCDFs in fish from Northern Hemisphere wild stocks, where exposure 
is associated with chronic contamination due to leaching of these chemicals from treated or 
contaminated soils into surface waters and the global distribution and deposition by 
atmospheric transport (North Sea Task Force, 1993). More recently a growing body of 
research has documented the levels of these food contaminants in farmed fish and 
bioaccumulation patterns accruing from aquaculture feed (WHO 1998; EC 2000; Jacobs et 
aL, 2002; Jacobs et aL, 2003).
Data concerning the levels of these contaminants in fish from developing countries is 
lacking. The aim of this study was to evaluate and assess the potential human dietary 
exposure from the presence of the organohalogen contaminants PCDDs, PCDFs and PCBs 
in representative samples of fish species obtained as part of the International Cooperation 
with Developing Countries (INCODEV) project.
A major aim of the European Community (EC) funded International Cooperation with 
Developing countries (INCODEV) project was to improve the commercial usage of under­
utilised fish species from developing countries. Other research within the project has 
confirmed the nutritional value of under-utilised fish from developing countries (Badii and 
Howell, 2005). In accordance with European Union (EU) regulations, it was considered 
important to assess the potential hazard. Samples of Sufflogobius bibarbatus (goby from 
Namibia), Trichiurus spp and Priacanthus spp (ribbon fish and big Head from India), 
Trachurus frachurus (horse mackerel from UK) and Trachurus capensis (horse mackerel
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from Namibia), Galeichthys feliceps and Trichiurus lepturus (cat Fish and mapanga from 
Kenya), Johnius dussumieri and Decapterus macrosoma (sciaenidae and carangidae from 
Malaysia), Brachydeuterus auritus and Dactylopterus volitans (burrito and flying gurnard 
from Ghana), were provided by the project partners.
8.2 M aterials and methods.
8.2.1 Analysis of organohalogenated contaminants in fish
All individual PCB congeners were purchased from Promochem Ltd, UK. Native standards 
were provided as solids, whilst all isotopically labelled 13C standards were provided as 
solutions in n-nonane. Standard solutions for native compounds were also prepared in n- 
nonane. All solvents were obtained as glass distilled grade from Rathbum chemicals, 
Walkerbum, Scotland. Carbon Amoco active carbon grade px-21, was purchased from 
Amoco Research corporation. Glass fibres were used in the preparation of carbon/glass 
columns which were obtained from glass fibre filter disks (Whatman GF/D) which were cut 
into pieces of about 3 mm square and homogenised in dichloromethane with an ultra-turrax 
homogeniser for 15 to 30 seconds.
Sodium sulphate anhydrous was purchased from Fisons, Analytical reagents. The reagent 
was washed with dichloromethane, activated at 130°C overnight and stored in tightly 
closed containers. It was used within three weeks of activation. Florisil PR, 60-100 mesh, 
was purchased from Promochem, Ltd. Silica gel was purchased from Merck, and was 
activated at 130°C overnight and stored in tightly closed containers. It was used within 
three weeks of activation. Sulphuric acid and potassium hydroxide were analytical grade 
from BDH. Potassium silicate was prepared according to Stalling et al, 1981. It was dried 
by nitrogen and activated at 130°C overnight and stored in a tightly closed container. It was
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used within three weeks of activation. Sulphuric acid impregnated silica gel was prepared 
by mixing two parts of concentrated sulphuric acid by weight with three parts of activated 
silica gel in a screw top bottle and left mixing on a roller until it was free of lumps.
Fish samples were obtained from the UK in January 2003 and were approximately 50 cm in 
length. Approximately 1 kg each of composite species -specific fish samples obtained from 
the project partners were sent to Unilever Research laboratory for analysis. Only 250 g wet 
weight of each of these samples was necessary and required for analysis. Samples from 
Ghana, Namibia, Kenya and Malaysia and India were obtained in July-August 2004 and 
varied in size as follows: Kenyan ribbon fish or “mapanga” (25-30 cm), Kenyan cat fish 
(50 cm), Indian ribbon fish (100 cm), Indian big head (20-23 cm), Malaysian carangidae 
(20-21 cm) and Sciaenidae (25-26 cm), Namibian goby (30 cm), Namibian horse mackerel 
(35-40 cm), Ghanan burrito (20-23 cm) and flying gurnard (18-23 cm). The Malaysian 
Carangidae and Sciaenidae were 1 year and 2 years of age respectively. The Indian big 
head ribbon fish were 1 year old and the fish samples of burrito and flying gurnard from 
Ghana were approximately 7-10 months old. All other fish species used in this study were 
approximately 1 0 -1 2  months old.
The timing of the sample collection was in accordance with the seasonal variation in the 
oiliness of fish samples. They were wrapped in polyethylene bags and transported from the 
individual countries on ice prior to being placed in a freezer at University of Surrey. Upon 
arrival and collection, each sample was placed on dry ice and transported in dry ice to 
SEAC Laboratories at Unilever Research and Development. Upon collection each sample 
was given a unique laboratory reference number, and the details of the samples were 
logged into a database. Laboratory reference numbers and GC-MS data file codes are not 
included in the results table. All samples were freeze-dried (Lyoscience LS40 freeze drier,
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Severn Science UK) to a constant pressure of 10"4 mbar and moisture loss determined 
gravimetrically.
The dry sample was ground to a fine powder and fortified with 13Ci2-labelled analogues of 
the target compounds. In the case of PCDD/Fs and mn-ortho PCBs, 100 pg of each 
surrogate were added to the sample. For other PCBs, 2.5 ng of surrogate were added. 
Samples were exhaustively extracted using a Soxtec Avanti (Foss UK) automatic extractor 
of all glass/PTFE construction. The extraction solvent was hexane/acetone (4:1 v/v). The 
crude extract was dried to constant mass for gravimetric lipid determination and then 
cleaned up using adsorption chromatography (acidic/neutral/basic silica followed by 
Amoco PX21 carbon dispersed on glass fibres).
The eluent, which contained ortho-VCBs, was collected. 'Non-ortho PCBs, PCDDs and 
PCDFs retained by the activated carbon were eluted with toluene, concentrated and 
subjected to further silica adsorption chromatography. Florisil was then used to separate 
coplanar PCBs (unretained) from PCDD/Fs (retained by florisil). PCDD/Fs were eluted 
from florisil using dichloromethane/hexane. Each of the three fractions obtained was 
concentrated to 25 pi with additional labelled recovery check standards and submitted for 
HRGC/HRMS analysis.
8.2.2 Analysis of dioxins and polychlorinated biphenyls
8.2.2.1 Samples preparation
Approximately 1 kg each of fish samples were sent to University of Surrey for analysis. 
Only 250 g wet weight of each of these samples was necessary and required by the 
laboratory to carry out analysis. Fish samples were obtained from different countries in 
Januaiy 2003 (Portugal and UK), July-August 2003 (Ghana, Namibia, Kenya and Malaysia
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and July-August 2004 (India). The timing of the sample collection was in accordence with 
the seasonal variation in the oiliness of fish samples. They were wrapped in polyethylene 
bags and packed on ice prior to being placed in a freezer. Upon arrival and collection, each 
sample was placed on dry ice and transported to SEAC Laboratories at Unilever Research 
and Development. Upon collection each sample was given a unique laboratory reference 
number, and the details of the samples were logged into a database. Laboratory reference 
numbers and GC-MS data file codes are not included in the results table. All samples were 
freeze-dried (Lyoscience LS40 freeze drier, Severn Science UK) to a constant pressure of 
10"4 mbar and moisture loss determined gravimetrically.
The dry sample was ground to a fine powder and fortified with 13C-labelled analogues of 
the target compounds. In the case of PCDD/Fs and non-ortho PCBs, 100 pg of each 
surrogate were added to the sample. For other PCBs, 2.5 ng of surrogate were added. 
Samples were exhaustively extracted using a Soxtec Avanti (Foss UK) automatic extractor 
of all glass/PTFE construction. The extraction solvent was hexane/acetone (4:1 v/v). The 
crude extract was dried to constant mass for gravimetric lipid determination and then 
cleaned up using adsorption chromatography (acidic/neutral/basic silica followed by 
Amoco PX21 carbon dispersed on glass fibres). The eluent, which contained ortho-PCBs, 
was collected. Non-ortho PCBs, PCDDs and PCDFs retained by the activated carbon were 
eluted with toluene, concentrated and subjected to further silica adsorption 
chromatography. Florisil was then used to separate coplanar PCBs (unretained) from 
PCDD/Fs (retained by florisil). PCDD/Fs were eluted from florisil using 
dichloromethane/hexane. Each of the three fractions obtained was concentrated to 25 pi 
with additional labelled recovery check standards and submitted for HRGC/HRMS 
analysis.
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S.2.2.2 Column preparation
The carbon/glass fibre mixture was prepared according to Smith (1981) and packed into a 
100 mm by 10 mm standard glass column (omni fit) with 15-20 glass fibre discs on each 
side, to give a total bed length of approximately 40 mm. During packing, the slurry was 
compressed firmly with a glass rod to remove air spaces. The column was washed with 
dichloromethane and toluene prior to use. Three columns with different mixture of 
carbon/glass fibres were prepared:
C-l. 50 mg Amoco PX-21 carbon on 600 mg glass fibres (carbon/glass fibres 1:12).
C-2. 330 mg Amoco PX-21 carbon on 1000 mg glass fibres (carbon/glass fibres 1:3).
C-3. 1000 mg Amoco PX-21 carbon on 2000 mg glass fibres (carbon/glass fibres 1:2).
The apparatus applied to the analysis was a modification of the apparatus described by 
Smith et aL, (1984). The column that contained the sample was a 500 mm x 25 mm (i.d.) 
column (omni fit) packed from the bottom with anhydrous sodium sulphate (2  cm), silica 
gel (5 cm), potassium silicate (5 cm), anhydrous sodium sulphate (2 cm), sample mixed 
with an equal mass of anhydrous sodium sulphate, and anhydrous sodium sulphate (2  cm). 
Prior to the addition of the sample, the column was washed with 200 ml of 
cyclohexane/dichloromethane (8-:20 v/v). The column was repacked for each sample.
Columns for ortho substituted PCB fraction
Lipid removal column- A 250 mm x 25 mm (i.d.) column (omni fit) was packed from the 
bottom with anhydrous sodium sulphate (2  cm), silica gel (2  cm), potassium silicate (2  cm),
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40% silica gel (4 cm) and anhydrous sodium sulphate (2 cm). The column was washed with 
2 0 0  ml of hexane prior to use.
Florisil column
A Pasteur pipette was plugged with salinised glass wool and packed with a 5 cm bed length 
of Florisil, followed by 0.5 cm of anhydrous sodium sulphate. The column was conditioned 
with 2 0  ml of hexane prior to use.
Column for non-ortho substituted PCB and PCDD/F fraction
Sulphuric acid/silica gel-potassium silicate column- A Pasteur pipette was plugged with 
salinised glass wool and packed with 2.5 cm bed length of 40 silica gel followed by 2.5 cm 
bed length of potassium silicate and finally 0.5 cm bed length of anhydrous sodium 
sulphate. The column was conditioned with 20 ml of hexane prior to use.
5.2.2.3 Evaluation of carbon columns
A standard mixture containing 10 ng of ortho and non-ortho PCBs was added to the top of 
the carbon column and was eluted with the different solvent mixtures. The eluante was 
collected in fraction. Following clean up using a silica gel column (see below), the final 
extract was spiked with 100 pi of a solution of hexabromobenzene (250 pg/pl) and 
analysed by GC-ECD. Recoveries were calculated relative to hexabromobenzene.
8.2.3 Extraction and clean up
Freeze-dried powder (equivalent to approximately 6  g of fat) was applied to the top of the 
multi-layer clean up column and spiked with an internal standard solution containing 13C 
ortho-PCBs (28, 52, 101, 138, 180 and 194) at 10 ng each, 13C non-ortho-PCBs (15, 77,
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126 and 169) at 1 ng each and 9 different 13C PCDDs and PCDFs and 0.1 ng each. The 
column was then eluted with the appropriate solvent mixture and the fractions were 
subjected to further clean up as described below:
The first fraction from the carbon column, 330 ml of cyclohexane/dichloromethane 
(80:20 v/v) was evaporated on the rotary evaporator and the residue was transferred in a 
reweighed 20 ml vial together with a number of hexane rinses. The extract was 
homogenised by shaking the vial and a quarter of the mass was applied to the top of the 
lipid-removal column. After elution with hexane (150 ml), the eluent was further 
evaporated to less than 2 ml. the extract was transferred to the Folrisil column together with 
3 x 1 ml hexane rinses and eluted with a further 20 ml hexane. After evaporating the 
solvent to approximately 1 ml, the extract was transferred to a tapered 1.1 ml autosampler 
vial together with three rinses with hexane (approximately 0.5 ml). Each rinse was reduced 
to a smaller volume under a stream of nitrogen before the next was added. Following the 
last transfer, the solvent was evaporated to near dryness and 25 pi of a syringe standard 
solution containing 13C12 PCB-202 at 100 pg/pl in «-nonane were added. The extract was 
analysed by HRGC-LRMS.
The second fraction from the carbon column, 100 ml of dichloromethane/toluene (80:20 
v/v) was rotary evaporated to less than 2  ml, transferred to a 1.1 ml autosampler vial and 
the volume was further reduced under a stream of nitrogen to approximately 20 pi. The 
residue was dissolved in 1ml of hexane and applied to the top of the silica gel Pasteur 
pipette column together with three successive 1 ml rinses with hexane. The column was 
eluted with a further 2 0  ml hexane and after evaporating the solvent to approximately 1 ml 
the extract was transferred to a tapered 1.1 ml autosampler vial with three hexane rinses 
(approximately 0.5 ml). Following the last transfer the solvent was evaporated to near
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dryness and 50 jil of a syringe standard solution containing 13C12 PCB-202 at 20 pg/jil in 
n-nonane were added. The extract was analysed by HRGC-LRMS.
8.2.3.1 GC-electron capture detection
The extracts were analysed on 5300 Mega series Carlo Erba gas chromatograph equipped 
with a Ni-63 electron capture detector and CTC-A2005 autosampler, using a DB-5 column 
(60 m x 0.257 mm, 0.1 pm film thickness) in split less mode. The oven temperature was 
programmed as follows: 100°C for 1 minute, ramp 12°C/min to 210°C, 4 minutes, ramp 
4°C/min to 250°C; ramp 5°C/min to 280°C, 20 minutes. The helium carrier gas was 
maintained at a flow rate of Iml/min and the make up gas (5% argon-methane) at 
40ml/min. The temperature of the injector port was 280°C and the BCD was remained at 
320°C.
GC-MS analysis was carried out on Carlo Erba 4160 gas chromatograph interfaced to a VG 
2-250 quadruple mass spectrophotometer. Electron impact ionisation was used, with 
electron energy of 70 V and a trap current of 200 pA. Multiple group selected ion 
monitoring was carried out monitoring four ions for each homologue group, two for the 
native and two for the internal standard. All standards were chromatographed on a 60 m x 
0.25 mm x 0.1 pm film thickness Rtx-5 column (Restek corporation). The oven 
temperature programme was 100°C for 2 minutes, then 0.5°C/min to 190°C, then 5°C/min 
to 280°C and hold for 15 min. Helium was used as the carrier gas at a flow rate of 1 
ml/min. split less injections were made (1 pi) at an injector temperature of 280°C and a 
split less period of 90 seconds. Extracts were injected using a CTC-A2005 autosampler.
GC-MS analysis was also carried on the non-ortho substituted faction as follows: GC-MS 
was carried out on Carlo Eba (Mega series) gas chromatograph interfaced to a VG autospec
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mass spectrometer (VG analytical, Manchester, UK). Electron impact ionisation was used 
with electron energy of 45 eV and a trap current of 800 pA. The resolution was 7000 (10% 
valley definition). Perfluorokeroscene (PFK) was used to provide lock masses by bleeding 
a small amount into the mass spectrometer from a heated septum inlet. Multiple group 
selected ion monitoring was performed. The detector photomultiplier was operated at 
350V. selected ion monitoring was employed using the two most intense ions from the 
molecular ion cluster from each homologue. All extracts were chromatographed on a 60 m 
x 0.25 mm x 0.1 pm film thickness tx-5 column (Restem corporation). The oven 
temperature programme was 100°C for 2 minutes, then 0.5cC/min to 190°C, then 50C/min 
to 280°C and hold for 15 minutes. Helium was used as the carrier gas at a flow rate of 1 
ml/min. split less injections were made (1.5 pi) at an injector temperature of 280°C and a 
split less period of 90 seconds. Extracts were injected using a CTC-A2005 autosampler.
GC-MS was also performed on PCDD/PCDF faction on a VG auto spec instrument as 
described above, but using a 60 m x 0.25 mm DB5 (J and W) or cPsilS (Chrompak) column 
with an oven temperature programme of 3 min isothermal at 100° C followed by heating at 
250C/min to 200°C, then 30C/min to 300°C and hold for 5 minutes.
8.2.4 Acceptance and quality control criteria
Acceptance criteria for the positive identification and quantification of PCBs were similar 
to those applied to the analysis of PCDD/Fs (Ambridge et aL, 1990) or those reported by 
Kühl et aL, (1991), for the determination of non-ortho PCBs. Prior to extraction of PCB 
and other organochlorinated compounds and clean-up of the extracts in the sample 
analytes, a standard mixture containing 10 ng each of ortho and non-ortho PCBs was added 
to the top of the carbon column. During extraction and clean-up between four and six
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calibration standards containing 13C12 ortho-PCBs (28, 52, 101, 138, 180 and 194) at 10 
ng each , 13C non-ortho-PCBs (15, 77, 126 and 169) at 1 ng each and 9 different 13C 
PCDDs and PCDFs and 0.1 ng each were added to the clean up column. To the ortho 
substituted fraction of each sample extract 25 pi of standard solution containing 13C PCB- 
2 0 2  at 1 0 0  pg/pl in %-nonane was added and to the non-ortho substituted faction of each 
sample extract 50 pi of the standard solution containing 13C PCB-202 at 20 pg/pl in n- 
nonane was added. To the PCDD/PCDF faction extracted from each sample 25 pi of a 
mixture of standard containing 13C 1,2,3,7,8-PeDCF and 13C 1,2,3,4,7,8,9-HpCDF at a 
concentration of 4 pg/pl each was added. The analysis of these calibration standards, 
allowed the response factors to be determined as a function of concentration using linear 
regression. The response factor (RF) for each native analyte at each concentration was 
calculated relative to its 13C-labelled analogue. The relative standard deviation (SD) for the 
average response factor for each of the analyte had to be 20%. The F value for each of the 
13C recovered surrogate relative to the appropriate internal standard was also calculated. 
The RSD for the average RF for each labelled surrogate had to be <35%. If all of these 
conditions were met satisfactorily the calibration curve was considered linear and once 
these conditions were satisfied the analytical system was considered calibrated.
High resolution mass spectroscopy was applied to samples and standards to target the 
detection of ions that are highly specific to PCDDs and PCDFs and PCBs. The mass range 
of interest is 304 (TCDF) to 458 Daltons (OCDD). Once the samples are ready to be 
analysed, 20 pi of performance standard (100 pg/pl 13C Hexa-CDPE and tetra-BDPE) were 
added to each sample. Once all the parameters had been verified to be within specified 
limits sample analysis proceeded. The mass spectrometer was operated in a mass drift 
correction mode using PFK to provide lock mass. A minimum of two specific ions per 
compound of interest was monitored to ensure robustness. These are usually the M+ and
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(M+2)+ ions from the chlorine isotope cluster (derived from the natural abundance ratio of 
35C1 / 37C1, which is 3:1). Further, to improve the precision of analysis, 13C -labelled 
analogues of the target compounds are used as internal standards which are measured as 
well. The peak areas from the characteristic ions for each native analyte and its 13C labelled 
analogue were used in conjunction with the RFs from the internal standard data to 
determine the concentrations of the compound of interest in each analyte. 13C labelled 
surrogate concentration expressed as % recoveries were also determined in the same way.
Samples were analysed as follows: method blank, matrix blank, laboratory control spike 
(certified reference material) and the fish samples. Peak identification criteria were as 
follows: S/N ratio>3:5, the isotope ratio of the two characteristic ions for each congener 
class within 15% of the theoretical value; the peak maxima for the molecular cluster ones 
coincide within 23 minutes, and native analyte elutes within 35 minutes of its 
corresponding 13C-labelled analogue. Method blanks were used to examine the presence of 
any interfering background noise, which if present was subtracted from the sample amount 
prior to reporting. The amount of any native analyte detected was listed on the quantitation 
report, along with the recovery of its labelled analogue. Recoveries were between 25 and 
150%. Analytes concentrations were calculated on a pg/g fat or pg/kg whole fish basis. 
Results were transcribed to an excel spreadsheet for additional processing to derive TEQ 
values for each sample.
The rounded result for each congener was multiplied by the appropriate I-TEF 
(International Toxic Equivalent Factor) (Van den Berg et aL, 1998) and summed (TEQ) for 
all congeners of PCBs, PCDD/Fs and non-ortho PCBs individually. In cases where 
congeners were reported as not detected, lower bound TEQs were calculated by treating the 
result as if zero and upper bound TEQs by treating the result as if present at half of the limit
162
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of detection (LOD). Quality control (QC) samples were included in batches of samples 
analysed. Data were rounded to three decimal places for all analytes and are reported on a 
whole weight adjusted basis.
8.3 Results and discussion
Concentrations, as pg/g whole wet weight (WWT) of selected sets of PCDD/Fs and 15 
ortho-substituted PCB congeners were quantified including IUPÀC congeners numbers 28, 
31, 52, 101, 105, 114, 118, 123, 138, 153, 156, 157, 167, 180, 189 (Ballschmitter and Zell, 
1980) and corresponding toxic equivalents in 12 fish species from Africa, Asia and the UK 
were calculated. Both lower and upper bound concentrations were calculated. The results 
were expressed as whole or wet weight (WWT) base of the edible part, because this current 
study is a part of a larger project where studies are carried out on incorporating fish as a 
whole into food products and not the oil. Therefore, this view does not take into 
consideration the seasonal variations of the fat content of various fish species which can 
vary quite considerably over the period of one year due to maturation states (Karl et aL, 
2002). Thus comparisons between dioxin levels in different fish based on fat content can 
only be done on fish species with similar fat contents. All samples examined contained 
detectable residues of organochlorine contaminants.
Cat fish displayed the highest concentration of all PCBs measured, compared with other 
fish species from other African countries. However, it must be stressed that these values 
were well below those found in the European horse mackerel and below the limits specified 
by European/WHO legislations. PCB 153 was found at the highest concentration in cat fish 
at a concentration of 0.473 ng/g whole weight. PCB congeners 138 and PCB 180, were 
present at high concentration in the cat fish but no TEF value is assigned to these
163
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congeners. PCB 118 with the TEF value of 0.0001 was detected at highest concentration of 
0.12 ng/g whole weight in cat fish compared with other fish species from African countries 
in this study. Different fish species from different African countries displayed different 
concentrations of PCB congeners, where these PCB congeners were found at highest 
concentration in cat fish (Figure 8.3, Figure 8.4).
PCB 189
PCB 180
PCB 157
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PCB 167
PCB 138
PCB 153
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Figure 8.3: PCB congener profile in African marine fish compared with European fish.
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The differences in the levels of concentrations of PCBs in different species of fish is 
probably caused by their different feeding habits as well as their lipid percentage in their 
total body weight (Christensen et aL, 2001). For example cat fish is almost exclusively 
found in water in every ecological niche. Their feeding habits range from plant-eaters to 
predators. Those cat fish that are predatory will eat smaller fish. Also high levels of 
contaminants found in this species could be due to biomagnification through the food chain 
(Bordajandi et aL, 2003).
Pelagic goby is classified as zooplanktivors as well as omnivores and carnivores as they 
feed on a wide variety of small organisms like crabs, shrimps and small fish or eggs of 
various invertebrates. Horse mackerel, burrito, mapanga and flying gurnard feed also on 
microzooplanktons which feed on phytoplanktons. Species with a higher total percentage 
of lipid may also present a higher concentration of these chemicals due to their lipophilic 
nature (Christensen et aL, 2001).
It is also important to note that differences in body size also play a crucial role in 
displaying different concentrations of these contaminants. For example, the larger is the 
size of the fish the higher is the bioaccumulation of these toxic contaminants in the body of 
that fish (Jacobs et aL, 2002; Debruyn et aL, 2004; Kiviranta et aL, 2004). For example 
although ribbon fish has a total body fat content less than horse mackerel from the UK and 
mapanga and a similar fat content to cat fish, flying gurnard and burrito, it diplays a higher 
concentration of PCB s due to its length. Burrito and flying gurnard, both from Ghana, were 
the next species of fish after cat fish which displayed highest concentrations of all 12 PCB 
congeners, particularly PCBs 180,153 and 138.
167
Ribbon fish from India displays the highest concentration of all PCB congeners measured 
compared with other fish species from India and Malaysia. Once again these values were 
well below the limits specified by European/WHO legislations. PCB 153 was the congener 
with the highest concentration in ribbon fish followed by PCBs 138, 180, 118, 101, 105, 
156, 52, 28, 31, 167, 157, 114, 189 and 123 (0.183, 0.124, 0.0982, 0.0561, 0.0464, 0.0241, 
0.0128, 0.0129, 0.0112, 0.0104, 0.0072, 0.0036, 0.0027, 0.0022 and 0.0006 ng/g whole 
weight of fish respectively). The same PCB congener profile was observed in other fish 
species of big head, carangidae and sciaenidae from India and Malaysia respectively, only 
the concentrations of PCBs measured in these species were much lower than those 
measured in ribbon fish (Figure 8.5). This PCB profile was very similar to that observed 
for marine fish from African countries (Figure 8.3). Ribbon fish from the West coast of 
India is similar to eel which is a bottom-dwelling fish in which lipophilic contaminants 
such as organochlorinated compounds tend to accumulate in high concentrations because of 
its high fat content.
The PCBs 138, 153 and 101 were present at slightly higher concentrations but these PCBs 
do not exert toxicity via the AhR, so do not have TEF values. It is important to note that the 
concentration or levels of these contaminants in fish varies depending on the location, for 
example the more industrialised is the area around their habitat the more contaminated is 
that fish. This is clearly seen in horse mackerel species from UK. The higher levels of 
PCBs in horse mackerel from the UK are possibly caused by a higher local emission of 
PCBs from the surrounding environment than the local emission of PCBs in other 
countries. This was expected as PCBs are typically found in materials connected to 
societies with higher use of modem technology. All of the ortho and non-ortho PCB 
congener profile detected in the fish species from African and Asian countries are much
167
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lower in concentrations compared with those detected in other fish species from European 
countries especially Northern Europe.
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Figure 8.5: PCB congener profile in Asian Marine fish compared to European fish.
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The highest concentration of PCDDs in fish species from African countries belonged to 
that of Octa chlorinated dibenzo-dioxin (OCDD), with burrito and flying gurnard both from 
Ghana constituting the highest concentration of OCDD at 0.332 and 0.318 pg/g whole 
weight, respectively, followed by cat fish and mapanga from Kenya, goby and horse 
mackerel from Namibia at concentrations of 0.277, 0.216, 0.159 and 0.218 pg/g whole 
weight respectively (Figure 8 .6 ). Horse mackerel from Namibia displayed the highest 
concentrations of most of the PCDD/F compared with other African fish species (Figure 
8 .6 ). Generally the PCDD/F profiles varied in different fish species from different African 
countries. The maximum concentration of PCDD/F found in the African fish samples was 
0.35 pg/g whole weight and the minimum detectable concentration of PCDD/F in fish 
samples from Africa was 0.002 pg/g whole weight. These values are significantly lower 
than PCDD/Fs measured in fish samples from European countries, where the maximum 
concentration of PCDD/F reported in samples from Northern Europe was 5.6 pg/g whole 
weight (Table 8 .6 ). With the Indian fish samples different profiles of PCDD/F congeners 
were detected. The highest concentration of OCDD was detected in ribbon fish, whereas 
the lowest concentration of the same congener was found in big head (Figure 8.7). The 
highest concentration of 1,2,3,4,6,7,8-HpCDD was also observed in fish samples from 
India compared with those from Malaysia. 1,2,3,6,7,8-HxCDD and 123789-HxCDD were 
detected at higher levels in fish samples from India than fish samples from Malaysia. 
OCDF was detected at highest concentration in fish from Malaysia (Carangidae and 
Sciaenidae at 0.184 and 0.125 pg/g whole weight respectively) compared with fish species 
from India. All of the hexa-furan and penta-furan congeners were detected at highest 
concentrations in carangidae and sciaenidae from Malaysia respectively (Figure 8.7). 
Generally horse mackerel from the UK displayed the maximum concentration of PCDD/F
169
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at 0.5 pg/g whole weight compared with other fish species from Africa and Asia (Figure 
8 .6  and Figure 8.7).
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The other fish species which had a higher maximum concentration of PCDD/F was ribbon 
fish from India (OCDD 0.67 pg/g whole weight). All of the PCDD/F congeners unlike the 
PCB congeners have a TEF value assigned to them, which demonstrates their toxicity 
based on the value. The most toxic PCDD/F has a TEF value of 1, for example 2378- 
TCDD and 12378-PeCDD both have a TEF value of 1 which makes them the most toxic 
dioxin congeners. The least toxic PCDD/F has a TEF value of 0.0001, for example OCDF 
and OCDD.
Toxic equivalent factors (TEQ) were calculated based on the fish TEFs reported by World 
Health Organisation WHO (Van den Berg et al., 1998). The sum of PCB WHO-TEQ 
values and the sum of PDCC/Fs WHO-TEQ values for all fish samples are shown in Table 
8.3. Mono-ortho PCBs such as 167, 156, 157 and 189 accounted for the highest TEQ 
values for all the samples. The highest TEQ values belonged to horse mackerel from UK 
and the lowest TEQ value belonged to big head from India. In a study by Borda)andi et al., 
2003, the levels of PCBs were measured in trout from Mediterranean Sea. The levels 
detected varied between 5.14 to 9.16 pg/g ww, assuming that not detectable values were 
equal to the limit of detection.
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Bioaccumulation of PCBs in aquatic organisms correlates with the degree of 
chlorination, stereochemistry and lipophilicity. Congeners with low chlorination grade 
are more readily metabolised and eliminated than those congeners with greater 
number of chlorines. Low chlorination PCBs include 52, 95, 101, 123 and 149. In the 
deep sea fish such as Skate, the levels of PCBs is as high as 59.01 pg/g ww and the 
TEQ is 0.33 pg/g ww (Storelli et ah, 2004). In Finland the most abundant congeners 
in fish were 2,3,4,7,8-pentachlorodibenzofurans (2,3,4,7,8-PeCDF) and 2,3,7,8- 
tetrachlorodibenzofuran (2,3,7,8-TCDF). Maximum concentration of the sum of PCBs 
was 25000 pg/g ww (Kiviranta et al, 2004). .
The maximum WHO-TEQ concentration of the sum of PCDD/Fs was detected in 
horse mackerel from the UK (0.059 and 0.075 pg/g whole weight) which belonged to 
hexa-dioxins and hexa-furans respectively (Table 8.3). The minimum WHO-TEQ 
concentration of the sum of PCDD/Fs belonged to octa-furans, octa-dioxins, hepta- 
furans and hepta-dioxins in all fish samples. Different patterns were seen between the 
dioxin and furan congeners distribution across the different species. Maximum WHO- 
TEQ concentration of tetra-furan was seen in horse mackerel samples from Namibia, 
and minimum concentrations of this congener was detected in big head from India 
(0.0151, 0.0155, 0.00147 pg/g whole weight) respectively.
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Maximum WHO-TEQ concentrations of hepta-furan was seen in horse mackerel from 
Namibia, followed by Sciaenidae, Carangiade and horse mackerel from the UK (0.056, 
0.0552, 0.0472, 0.03535 and 0.03315 pg/g whole weight respectively) and the minimum 
WHO-TEQ concentrations of hepta-furan was seen in big head from India (0.0053 pg/g 
whole weight). The maximum WHO-TEQ concentration of hexa-furans was detected in 
horse mackerel from the UK as mentioned before, whilst the minimum concentration of 
this congener was detected in ribbon fish from India.
Non-ortho PCB 126 accounted for the most abundant non-ortho PCB found in all fish 
samples at maximum WHO-TEQ concentration in ribbon fish from India (0.6449 pg/g 
whole weight) and minimum WHO-TEQ concentration in horse mackerel from Namibia 
(0.0062 pg/g whole weight). The concentration of this particular non-ortho PCB in the fish 
samples was found in the following descending order: ribbon fish (India) > flying gurnard 
(Ghana) > cat fish (Kenya) > horse mackerel (UK) > big head (India), burrito (Ghana) > 
goby (Namibia) > sciaenidae (Malaysia) > carangidae (Malaysia) > mapanga (Kenya) > 
horse mackerel (Namibia).
The current study was carried out as a part of a bigger study on human consumption of 
underutilised fish species in food products, therefore, it is important to calculate the risk 
assessment and exposure to such contaminants in each country based on the population and 
frequency of consumption of fish and fishery products. This was done using the WHO- 
TEQ values for PCBs and PCDD/Fs as well as the recent statistical data obtained from 
Globefish web page (Globefish, 2001) on import, export and fish consumption per capita. 
Risk assessment and exposure to such contaminants in different fish was calculated for 
each country and is shown in Table 8.4.
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F ish /
Country Production Imports Exports
Food
supply
Population
(thousand)
Per
capita
supply
(k g /
year)
Consumption 
per capita 
per week 
(PCDD/Fs) 
[pg WHO- 
TEQ/ day]
Consumption 
per capita 
per week 
(PCBs) [pg 
WHO-TEQ / 
dayl
Mapanga
(Kenya) 195455 16014 40537 170577 30535 5.6 0.013 0.003
Cat fish  
(Kenya) 195455 16014 40537 170577 30535 5.6 0.015 0.011
Goby
(Namibia) 572542 49031 446644 26496 1892 14.0 0.017 0.015
Burrito
(Ghana) 468011 190380 76307 582065 19597 29.7 0.132 0.022
Flying 
Gurnard 
(Ghana) 
Big Head 
(India)
468011
5752231
190380
5417
76307
464602
582065
4869167
19597
1016831
29.7
4.8
0.087
0.005
0.022
0.001
Ribbon fish  
(India) 
Carangidae 
(Malaysia) 
Scianidae 
(Malaysia)
5752231 5417 464602 4869167 1016831 4.8 0.022 0.004
1413601 421019 189455 1378545 22995 60.0 0.338 0.030
1413601 421019 189455 1378545 22995 60.0 0.294 0.030
Horse
mackerel
(Namibia)
572542 49031 446644 26496 1892 14.0 0.090 0.009
Horse
mackerel
(UK)
942893 1013880 759904 1190856 58906 20.2 0.130 0.124
Table 8.4: Production, import, export and per capita supply of fish for Europe, Africa and Asia.
As different fish species from African countries displayed a lower concentration of dioxin 
contaminants compared to fish species from Asia. The daily consumption per capita of 
PCDD/Fs in the fish samples was found in the following descending order: Carangidae 
(Malaysia) > sciaenidae (Malaysia) > burrito (Ghana) > horse mackerel (UK) > horse 
mackerel (Namibia), flying gurnard (Ghana)> ribbon fish (India) > goby (Namibia) > cat 
fish (Kenya) > mapanga (Kenya) > big head (India). The daily consumption per capita of 
PCBs in the fish samples was found in the following descending order: horse mackerel 
(UK) > sciaenidae (Malaysia) > Carangidae (Malaysia) > burrito (Ghana) > flying gurnard 
(Ghana) > goby (Namibia) > cat fish (Kenya) > horse mackerel (Namibia) > ribbon fish 
(India) > mapanga (Kenya) > big head (India). The levels of PCB contaminants in fish 
species from Africa, Asia and Europe are much lower than dioxin contaminants as
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measured in the daily consumption per capita, hence, dioxins have higher impact on 
toxicity induced by prolonged and frequent consumption of fish from contaminated areas.
8.4 Conclusion
Detectable levels of persistent organic pollutants such as 2,3,7,8-PCDD/Fs and PCBs 
including the mono- and non-ortho congeners were found in all the fish species analysed 
for these compounds. PCB congener profiles were similar between all fish samples being 
PCB 138,153 and 101 the most abundant. The data generated from our study clearly shows 
that the levels of contaminants in fish obtained from Africa or Asia marine water are below 
the limit set by the European regulations; European Commission acceptable levels for 
dioxins are 1 to 4 ng WHO-TEQ/kg wet weight (Gallani et al., 2004). In Europe, one of 
the recent studies carried out by Gallani et al. (2004) from the European Commission, 
determined the levels of dioxins and dioxin-like PCBs to be 3.77 ng WHO-TEQ/kg and 
8.38 ng WHO-TEQ/kg wet weight respectively in fish.
These persitant contaminants once inside the fish their half-life of metabolic transformation 
can take as little as months or as long as years. In species of fish that are more active and 
mobile, and their spawning duration is of the order of weeks to months, this does not allow 
sufficient time for the elimination of these contaminants from the body and hence they 
bioaccumulate (Debruyn et al., 2004). As seen in this study those fish species such as cat 
fish or ribbon fish with a longer body length displayed a much higher concentration of 
contaminants compared with those species with smaller body length. This suggests that the 
behaviour of such contaminants depends on many factors such as the source, duration and 
magnitude of exposure as well as the fish species, age and even sex of the fish (Isosaarrii et 
al., 2004).
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In conclusion, the data presented here suggest that the consumption of the fish species from 
Africa and Asia do not represent risk for human health, with respect to PCB and dioxin 
exposure, if consumed according to European/WHO legislations. However, it is essential to 
remember that there are other contaminants which can be present in these fish species 
which have not been reported here and further work needs to be carried out to assess 
whether other contaminants are present or not. For example there are other contaminants 
like pesticides such as DDT and metabolites which are likely to be higher in contaminant 
loadings (especially where DDT is still used for malaria control). Indeed flame retardants 
are widely used which are also persistent and can biomagnify and are known to have 
disrupting effects on the endocrine system (Jacobs et aL, 2002). Such persistent organic 
contaminants cause increasing concern with risks to human health due to observations of 
increasing concentrations of these chemicals in human breast milk (Damerud, 2001). 
Therefore determination of these contaminants as well as PCBs and PCDD/Fs in fish and 
identification of their source, is important for dietary exposure assessment.
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Mean pg/g whole weight Aberdeen Iceland Peterhead Denmark Hull
PCB 31 1052 697 3120 1345 1296
PCB 28 2174 1384 5962 2772 3286
PCB 52 4310 2561 2865 3610 6760
PCB 101 18454 4227 5065 13382 37876
PCB 123 280 106 87 482 935
PCB 118 16924 5591 4772 12607 25890
PCB 114 404 106 87 255 561
PCB 105 5384 2023 1842 4840 6878
PCB 153 37150 8587 8705 28517 69178
PCB 138 25258 7768 7378 27332 60181
PCB 167 1152 267 355 775 1946
PCB 156 1762 530 355 1825 2575
PCB 157 542 128 242 445 1051
PCB 180 10322 2624 2713 8660 16541
PCB 189 188 49 198 122 506
Figure 8.8: Mean concentrations of ortho PCBs detected in cod.
The samples are from Aberdeen, Iceland, Peterhead, Denmak and Hull.
(Data are obtained from MAFF, R&D and surveillance report: 477; 1998). Values are 
expressed as pg/g whole weight of fish.
Mean pg/g whole weight Aberdeen Denmark Frasenburgh Iceland
PCB 31 1087 1010 1350 1067
PCB 28 1857 1830 2027 1560
PCB 52 2220 1933 3020 2050
PCB 101 3037 3143 5703 3557
PCB 123 0 117 397 140
PCB 118 3803 5147 7073 4373
PCB 114 43 243 317 203
PCB 105 1427 1937 2877 1970
PCB 153 7043 9090 13100 7467
PCB 138 5660 7047 10760 5887
PCB 167 310 467 870 183
PCB 156 433 513 1263 530
PCB 157 137 180 787 300
PCB 180 2287 2543 4073 2017
PCB 189 110 197 757 110
Figure 8.9: Mean concentrations of ortho PCBs detected in haddock.
The samples are from Aberdeen, Denmak, Frasenburgh and Iceland.
(Data are obtained from MAFF, R&D and surveillance report: 477; 1997). Values are 
expressed as pg/g whole weight of fish.
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Mean pg/g whole weight Aberdeen Frasenburgh Peterhead
PCB 31 3100 1740 1503
PCB 28 5510 3140 3054
PCB 52 9260 4130 4403
PCB 101 28500 7780 10085
PCB 123 900 347 476
PCB 118 42477 11457 15746
PCB 114 750 203 351
PCB 105 13223 4510 5248
PCB 153 101983 25563 36479
PCB 138 75970 21630 28564
PCB 167 2540 707 1079
PCB 156 4990 530 879
PCB 157 1433 527 653
PCB 180 25910 7630 10360
PCB 189 580 397 441
Figure 8.10: Mean concentrations of ortho PCBs detected in whiting.
The samples are from Aberdeen, Frasenburgh and Peterhead.
(Data are obtained from MAFF, R&D and surveillance report: 477; 1997). Values are 
expressed as pg/g whole weight of fish.
mean ng/kg whole weight Iceland Peterhead
PCB 77 72.67 57.61
PCB 126 25.51 19.81
PCB 169 6.60 5.31
Table 8.5: Mean concentrations of non-ortho PCBs detected in Cod from Iceland and 
Peterhead.
(Data is obtained from MAFF, R&D and surveillance report: 477; 1998). Values are 
expressed as ng/kg whole weight of fish.
Aberdeen Frasenburgh Peterhead
mean ng/kg whole weight 
PCB 77 242.12 97.93 111.53
PCB 126 147.84 53.58 72.52
PCB 169 34.03 13.10 17.26
Figure 8.11 : Mean concentrations of non-ortho PCBs detected in whiting.
Samples are from Aberdeen, Frasenburgh and Peterhead.
(Data is obtained from MAFF, R&D and surveillance report: 477; 1998). Values are 
expressed as ng/kg whole weight if fish.
PCDD/F
Congener
Salmon 
Scotland, 
Norway 
[Jacobs et aL, 
2003]
Herring 
Vaderoarna 
[Rappe et aL, 
1989]
Herring 
Landsort 
[De Boer et 
a L ,1992]
Herring 
North Sea 
ng/g lipid 
[Parsley et aL, 
1999]
Fatty Sea 
fish 
Netherlands 
pg/g lipid 
[Liem & 
Theelen, 
1997]
2378-
TCDF 1.76 1.7 5.3 4.9 9.7
12378-
PeCDF 0.15 0.4 2.5 1.11 1.5
23478- 0.58 3.0 19.0 2.2 8PeCDF
123478-
HxCDF 0.01 0.2 0.7 0.21 0.37
123678-
HxCDF 0.01 0.1 0.8 0.21 0.41
234678-
HxCDF 0.019 <0.2 0.8 ND 0.63
123789-
HxCDF 0.007 NA NA 0.3 ND
1234678- 0.007 <0.2 1.2 0.12 0.19HpCDF
1234789- 0.007 NA NA ND NDHpCDF
OCDF 0.077 <0.2 0.3 ND ND
2378-
TCDD 0.072 <0.1 <0.1 0.2 0.68
12378-
PeCDD 0.14 0.6 2.8 0.83 1.6
123478-
HxCDD 0.011 <0.2 0.3 0.13 0.25
123678-
HxCDD 0.027 <0.2 2.4 0.38 0.86
123789-
HxCDD 0.007 <0.2 <0.2 0.14 0.18
1234678- 0.0077 <0.2 0.6 0.37 0.63HpCDD
OCDD 0.07 1.1 0.7 4.6 6.2
Ortho &
ortho
PCB
Congener
WHO-
Salmon
Scotland,
Norway
Herring
Skagerack
Herring 
central 
North Sea
Wild Salmon 
Swedish 
Baltic pg/g 
lipid
Herring 
North Sea 
ng/g lipid
Fatty Sea 
fish 
Netherlands 
pg/g lipid
TEQs
PCB 77 33.77 41 20 0.87-2.57 1093.9 260
PCB 105 12.29 920 NA 45.3-82.6 20.26 NA
PCB 118 2.05 28100 NA 134-249 60.26 NA
PCB 126 587.38 11 8.9 0.28-4.01 429.33 100
PCB 156 2035.65 NA NA 15.4-38.1 5.23 NA
PCB 157 193.34 . NA NA NA 1.76 NA
PCB 167 53.50 2.5 1.8 0.14-0.53 131.13 28
Table 8.6: Examples of congener specific concentrations of PCDDs, PCDFs and coplanar 
PCBs in Salmon and Herring (pg/g wet weight, wwt) unless otherwise indicated.
The table is adapted from façons, 2003.
ND = not detected NA = not analysed
CHAPTER NINE
9. General Discussion
9.1 Objective of thesis
The aim of this thesis was to improve utilization of fish species from developing countries 
such as Africa and Asia. Unfortunately, in spite of all efforts being made to increase the 
knowledge of food and nutrition, a large proportion of the human population, particularly 
those in Africa and Asia are still living on diets below the optimal nutritional levels set by 
appropriate international and national bodies. The qualitative defect in the diet is more 
widespread than the quantitative. For example, the diet of most Western countries 
constitutes of proteins as high as 100 g, per capita per day, whilst in many poorer countries 
such as Africa, Asia and South America, most of the calories are derived from cereals and 
starchy roots and a relatively minor proportion from milk and eggs. Likewise, there is 
deficiency in regard to calcium, vitamin A and group vitamins B in many countries. 
Fishery products can reduce malnutrition. In some countries people who fish, sell their 
catch to buy other food ingredients; therefore, they use the fish indirectly for their personal 
nutrition. However, the main focus of this study is on fish as food and on its direct 
consumption value.
Fish is considered to be less costly than alternative animal protein resources, with respect to 
its nutritional value it can be inexpensive compared with vegetable protein sources. The 
major disadvantage of fish is its long-term preservation for long time which can be 
improved by drying, smoking and canning. Indeed such processes can also increase its 
attractiveness and its convenience for use. It is important to realize that the use of fishery 
products to overcome nutritional deficiencies depends also on issues such as acceptability,
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availability, and cost of the required nutrient in the local environment where this product is 
going to be used.
The nutritional value of mackerel and horse mackerel were investigated in this study. The 
lipid, protein and moisture content of mackerel (caught between period of October and 
December 2003) and horse mackerel (caught from Portugal in January 2003) were as 
follows: 5.0, 19.9 and 72.9 % for mackerel; 4.9, 22.0 and 71.3 % for horse mackerel. The 
percentage of lipid like the moisture content is primarily influenced by seasonal variation 
(Love 1980; Love, 1988; Ackman, 1992; Soriguer et aL, 1997). These values are in 
agreement with other similar studies (Hardy and Keavy, 1972). They are also directly 
proportional to one another (Burt and Hardy, 1987); thus with higher percentage of lipid a 
lower moisture content is seen. This of course is extremely beneficial in the utilisation of 
fish, since, the lower moisture content entails lower fuel cost otherwise spent on water 
evaporation and the higher lipid content increases its commercial value.
Fish oil is rich in PUT A as discussed in the earlier chapters. Mackerel was found to have a 
lower percentage of PUFA at 27.1 % compared with that of horse mackerel at 33.7 %. Fish 
oil contains omega-3 PUFA, compared with omega-6 PUFA found in vegetable oil and 
both types of PUFA are essential for health. The omega-3 and omega-6 PUFA once 
metabolised result in the synthesis of eicosanoids (such as leukotrienes, prostaglandins and 
hydroxy-fatty acids) which vary in their effect and potency depending on which route they 
are synthesised, via either omega-3 or omega-6 PUFA. The omega-3 PUFA compete with 
omega-6 PUFA and result in the synthesis of less potent eicosanoids (Rice, 1995). Lipids 
of species such as mackerel contain high amounts of monounsaturated fatty acids (MUFA), 
this is considered to be due to a diet of organisms rich in long chain MUFA (Soriguer et aL, 
1997). Fatty fish is a good source of nutrients for a healthy and balanced diet; however, the
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presence of such high levels of PUFAs makes fish more susceptible to oxidative stress as a 
result of lipid oxidation. This is one of the problems associated with low consumption of 
fatty fish in the world, as they deteriorate rapidly during storage. A detailed investigation of 
ways of delaying or inhibiting lipid oxidation in fish and food made using fish was carried 
out in this thesis, such as the use of antioxidants and freeze-drying.
The fatty acid profile of freeze-dried mackerel and horse mackerel analysed in this thesis, 
was similar to that of fresh, non-freeze-dried mackerel and horse mackerel. In this thesis 
FT-Raman spectroscopy was used to study any biochemical changes in lipid structure as a 
result of freeze-drying and long term storage at 22°C. The data from this study showed 
changes in lipid structure involving CH groups and hydrophobic interactions in freeze- 
dried fish samples stored at 22°C up to 12 weeks. In a study carried out by Sikorski and 
Kolakowska (1990) it was shown that a gradual decrease in percentage of EPA and DHA is 
seen over storage which is less in frozen samples. Deterioration in freeze-dried samples is 
not immediately apparent and it is less than in extruded products, however, changes in 
moisture levels during freeze-drying can affect the degree of oxidation in the samples. It is 
suggested that increasing the moisture level and temperature in extruded products increases 
autoxidation of lipids. Some of the increase in lipid oxidation may be due to the increase in 
surface area from increased expansion during extrusion. The problem of expansion does 
not exist in freeze-drying, however, other problems associated with freeze-drying could be 
changes in moisture which can enhance autoxidation and break down of natural 
antioxidants and an increase in amount of pro-oxidants such as iron. Therefore, in this 
thesis, it was decided to add natural antioxidants to fish or food stored for long duration 
after freeze-drying.
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9.2 Lipid oxidation in fish
The mechanisms involved in lipid oxidation are described fully in chapter one. A number 
of factors are suggested to affect the rate of oxidation, some of these include; amount of 
oxygen present, degree of unsaturation of the lipids, presence of antioxidants, presence of 
pro-oxidants, nature of packing material, light exposure and temperature of storage. Figure 
9.1 shows various approaches that can be utilised to assess lipid oxidation. Each of these 
techniques have their advantages as well as their disadvantages, therefore, employing a 
combination of these techniques is more accurate assessment of lipid oxidation. Generation 
of primary, secondary and tertiary oxidation products were studied in this thesis in freeze- 
dried fish and freeze-dried food product formulated using fish. This was done by using 
peroxide value measurement and HPLC chromatography to follow the production of 
hydroperoxides. Hydroperoxides are commonly formed during the propagation stage of 
autoxidation and are the primary oxidation products. They are generally very unstable and 
easily decompose into the secondary oxidation products, which include compounds such as 
carbonyls, which are the most important. Indeed, the flavour deterioration is caused by 
secondary oxidation products rather than the primary oxidation products. In the initial 
stages (induction period) of autoxidation, the amount of hydroperoxides increases slowly. 
At the end of this induction period there is a sudden increase in peroxide content.
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Figure 9.1: Formation of lipid peroxidation products.
These products can be measured to assess lipid peroxidation products in.
(Adapted from Moore and Roberts, 1998). MDA = malondialdehyde, HNE = 
hydroxynonenal ethanoic acid. The red arrows indicate the assays used in this thesis.
Since peroxides are easily determined in fats, the peroxide value was used to measure the 
progress of oxidation. The peroxide value of all samples (with and without antioxidants) 
increased with increasing storage time, but only upto 4 and 8 weeks of storage at 22°C for 
freeze-dried food and fish products respectively, after which it dropped drastically. In 
samples treated with combination of vitamins E + C + citric acid or rosemary alone the 
increase in PV value was much lower than the control samples. Typically the PV value will 
increase to a level and then conversion to final products will occur and the peroxide level 
will fall (not necessarily to zero and the conversion level will be different for different 
product types). Conversion to final reaction products is faster in highly unsaturated oils 
such as fish oils. Therefore, for such oils, measurements of secondary oxidation products 
may be more appropriate such as TEARS test for malonaldehyde. The rate of lipid
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oxidation increased with increasing storage time, as seen in TBARs measurement. The 
TEARS increased particularly in control samples (without any antioxidants).
The formation of hydroperoxides from the oxidation of linolenic acid methyl ester and fish 
oil was studied by RP-HPLC. Most of the hydroperoxides produced during the oxidation of 
methyl linoleate were reduced to their more stable hydroxyl derivatives. The oxidation 
products were mixtures of three isomeric hydroxides: 13-HODA {cis-trans isomer), 9- 
HODA (trans-cis isomer) and 12-HOD A (trans-cis isomer). This was confirmed when the 
standards of the HPODA was passed through the amino phase SPE cartridges and stable 
hydroxyl derivatives were produced. The position of the hydroxides was confirmed using 
authentic standards and results of GC-MS carried out by Saeed and Howell (1999). Using 
this technique as well as peroxide value measurement, TBARS measurement and protein 
extractability, a storage trial on freeze-dried mackerel and freeze-dried food product 
formulated using mackerel at 22°C for 0, 4, 8, 12 and 16 weeks was carried out and the 
subsequent generation of primary, secondary and tertiary oxidation products was followed. 
The samples were freeze-dried and stored with natural antioxidants (vitamins C, E, citric 
acid and rosemary).
Secondary oxidation products were measured using TBARS measurement and RP-HPLC, 
which is related to aldehyde decomposition products such as malonaldehyde. The method 
developed for MDA analysis successfully isolated MDA-TBA adduct derived from oil 
extracted from freeze-dried fish or freeze-dried food product containing fish from other 
compounds with significant absorption at 540 nm. Within the limits described in chapter 2, 
this method can be used successfully to measure MDA concentration. Addition of 
antioxidants to freeze-dried fish and food prior to storage reduced their MDA content, 
suggesting protection against lipid oxidation.
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In this study, vitamins (E and C), rosemary and citric acid were used as natural antioxidants 
instead of synthetic antioxidants such as BHT or BHA, due to consumer concern and 
safety. Antioxidants are added to food products undergoing processing or storage in order 
to stabilize the product and to delay or prevent lipid oxidation. However, processing such 
as cooking, freezing or drying and storage reduces levels of antioxidants in food. That is 
why in this study, antioxidants were added before and after freeze-drying. Earlier 
experiments carried out by Badii and Howell (2005), showed a decrease in percentage 
recovery of vitamins E and C in food product treated with these antioxidants by 
approximately 29 and 34 % respectively. The detailed mechanism of action of each of these 
antioxidants are explained in chapter one.
All tests showed an increase in lipid oxidation products with storage time. Antioxidants 
played an important role in delaying lipid oxidation. In particular combinations of vitamins 
E + C + citric acid (250; 250; 100 ppm) and rosemary alone (250 ppm) had a significant 
effect (p < 0.001) on delaying lipid oxidation as shown by a significant drop in the peroxide 
value, hydroperoxide peaks and malonaldehyde concentrations. As confirmed by the data 
obtained from the PV and TBARS, antioxidants particularly a combination of vitamins E + 
C + citric acid (250; 250; 100 mg/kg) were found to reduce the hexanal concentration 
significantly compared with other treatment groups (P < 0.01) and the control (P < 0.001) 
and protect against oxidation.
9.3 Protein dénaturation in fish
Protein deterioration was tested in freeze-dried mackerel stored for 0, 4, 8, 12 and 16 weeks 
with addition of vitamins E, C, citric acid and rosemary antioxidants. All antioxidants were 
found to prevent protein dénaturation as shown by reducing insolubility of myofibrillar
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proteins. This confirms that lipid oxidation contributes to protein dénaturation and loss of 
myofibrillar protein extractability in dried fish as previously shown by Badii and Howell 
(2002) for frozen fish. Biochemical changes in proteins exposed to peroxidising lipids are 
similar to those induced by ionising radiation and include: loss of enzyme activity, 
destruction of individual amino acids and polymerization and cross-linking, depending on 
the nature of the proteins. During lipid oxidation and subsequent damage to proteins, some 
reactive amino acids such as cysteine, lysine and histidine temporarily form complexes 
with lipid hydroperoxides via their corresponding positively charged nitrogen moieties. 
Electron Spin Resonance (ESR) studies have shown radical transfer from lipid 
hydroperoxides to amino acids and proteins (Schaich and Karel, 1975; Saeed et al., 1999). 
Electrophoresis studies in this thesis indicated that intact myofibrillar proteins which were 
extracted from ffeeze-dried fish at the beginning of the storage gradually deteriorated as 
storage time increased and a considerable loss in the intensity of the myosin band was seen, 
particularly in samples not treated with any antioxidants. It is established that reactions 
which contribute to protein dénaturation and deterioration and loss of organoleptic 
properties in fish or fatty food are indeed related to interaction between oxidized lipid and 
myosin (Saeed and Howell, 2004). The intensity of the myosin band was still prominent in 
ffeeze-dried fish treated with antioxidants.
9.4 Effects of lipid oxidation and freeze-drying on food formulated 
using fish
Using the Microdiet programme horse mackerel based food was developed by Badii and 
Howell (2003) and its nutritional attributes were adequate for complementary feeding. The 
energy contribution by the macronutrients such as carbohydrate, fat and protein were 
achieved as required by the WHO/FAO and EC guidelines. Other ingredients such as soya
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milk, sunflower oil and flour were added to the recipe (Figure 6.1). All of these ingredients 
can reduce the viscoelasticity of the product formulated as they form a layer of fat which 
prevents absorption of water during cooking, also the addition of oil minimises protein 
interactions. To prevent deterioration of the food product as a result of lipid oxidation and 
to increase its preservation, natural antioxidants were added to the product before and after 
cooking. The food was then ffeeze-dried prior to storage at 22°C for up to 16 weeks.
Lipid oxidation was tested in the ffeeze-dried food product by means of measuring primary 
oxidation products such as peroxides and their more stable break down metabolites such as 
aldehydes and hexanal. Hexanal is one of the final products of oxidative rancidity and can 
be used to follow the development of autoxidation. Hexanal in contrast to PV as a final 
reaction product will not cycle but continues to increase in concentration in material that is 
undergoing oxidation. Biochemical analysis showed that the combination of vitamins E and 
vitamin C and citric acid (250; 250; 100 ppm) or rosemary alone (250 ppm) slowed the rate 
of oxidation significantly (P < 0.001). The combination of vitamin E + vitamin C + citric 
acid was the optimum antioxidant mixture. Since the food product formulated in this study 
was assigned for human consumption, it is important to investigate the effects of such food 
on human cells and possible cellular cytotoxicity associated with this product.
9.5 Cell culture studies
It is evident that lipid oxidation products directly or indirectly affect the cellular functions 
such as cell homeostasis and can alter cellular functions (Moore and Roberts, 1998). In this 
study, in order to investigate the cellular effects of simple and complex PUFA, caco-2 
monolayers cultured for 1 week after reaching confluence were incubated with solutions of 
methyl linoleate and oil extracted from fish and food formulated using fish. Methyl
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linoleate was oxidised under UV light for 24, 48 and 72 hours and was used as a model 
system to investigate cytotoxic effects of lipid oxidation products on caco-2 cells. The 
same procedure was carried out using oil extracted from horse mackerel. Lipid oxidation 
was assessed in terms of the production of malondialdehyde (MDA) and peroxides. Caco-2 
is a human colon adenocarcinoma cell line that was established in 1974 by Fogh and 
colleagues (Fogh et ah, 1974). When grown in culture, these cells spontaneously develop 
many functions characteristic of mature villus epithelial cells of the small intestinal 
epithelium. The cells form a polarised monolayer of columnar epithelium with intracellular 
tight junctions and an apical (AP) membrane with brush border of organised microvilli. 
Caco-2 cells secrete chylomicrons and very low density lipoproteins and they express both 
liver and intestinal fatty acid binding proteins (Ho and Storch, 2001).
Cell cytotoxicity was assessed in terms of percentage of lactate dehydrogenase enzyme 
(LDH) release into the cytoplasm as a result of cell membrane rupture. The LDH activity is 
determined in an enzymatic test: in the first step NAD+ is reduced to NADH/H+ by the 
LDH-catalysed conversion of lactate to pyruvate. In the second step the catalyst 
(diaphorase) transfers H/FC from NADH/H+ to the tétrazolium salt INT which is reduced to 
Formazan. An increase in the amount of dead or plasma membrane-damaged cells results 
in an increase in the amount of enzyme activity in the supernatant which then directly 
correlates to the amount of Formazan formed during a limited time period. Therefore the 
amount of colour formed in the assay is proportional to the number of lysed cells. The 
Formazan dye formed is water-soluble and shows a broad absorption maximum at about 
500 nm, whereas the tétrazolium salt INT shows no significant absorption at these 
wavelengths.
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The rise in percentage of LDH release in cells treated with oxidised ML and fish oil was in 
parallel to the rise in peroxide value and TEARS at 24 and 48 hour, post photo-oxidation 
under UV light. Addition of ML or horse mackerel oil oxidised under UV light for 72 hours 
caused a substantial drop in percentage of LDH release in parallel to this a drop was also 
seen in peroxides whilst the TEARS continued to rise.
A similar finding was observed in caco-2 cells treated with oil extracted from food 
formulated using horse mackerel, stored at 22°C for 8 weeks. The percentage of LDH 
release continued to rise up to 8 weeks of storage, after which it dropped significantly. At 
the same time a sharp decline was detected in the peroxide value measured in oil extracted 
from freeze-dried food, stored for 8 weeks. This suggests that the drop in percentage of 
LDH release is possibly due to the drop in the formation of primary oxidation products 
rather than the secondary oxidation products such as MDA. A number of studies suggest 
inhibitors or antioxidants which inhibit lipid synthesis do not appear to have an effect on 
modulation of cell proliferation and apoptosis, therefore, suggesting alternative mechanism 
whereby PUT A can exert their biological effects (Finstad et al., 1998). One of these 
mechanisms is suggested to be accumulation of triacylglycerol (TAG) droplets causing 
apoptotic cell death. PUFAs are known to inhibit apolipoprotein B synthesis and secretion 
within cells. The TAG transport is then impaired due to the presence of PUFA and the rate 
of secretion of TAG from cells is reduced, but total synthesis is unaffected (Ranheim et al., 
1994). Subsequently TAG accumulates in vesicles within the cytoplasmic spaces in cells 
forming large lipid droplets. These lipid droplets are thought to change intracellular signal 
transduction and initiate apoptosis (Finstada et al., 2000). Eicosapentaenoic acid (EPA) 
found at high levels in fish oil is shown to decrease the rate of secretion of TAG from caco- 
2 cells, but the total synthesis is unaffected (Ranheim et al., 1994). It is suggested that after
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chronic supplementation of caco-2 cells with EPA, the cells are capable of elongating EPA 
to DHA but at very small levels (Ranheim et al., 1994).
In the current study addition of antioxidants in particular a combination of vitamins E + C 
+ citric acid (250; 250; 100 ppm) or rosemary alone (250 ppm) significantly reduced the 
percentage of LDH release as it reduced the rate of lipid oxidation in caco-2 cells incubated 
for 48 hours with oil extracted from freeze-dried food formulated using horse mackerel 
stored at 22°C for 12 weeks. This result suggested that lipid oxidation does play a role in 
cellular damage as indicated by a rise in LDH release due to membrane damage in 
untreated cells without antioxidants and its suppression by the use of antioxidants such as 
vitamins E + C + citric acid or rosemary. A study by Takahashi et al (2001) also showed 
that the addition of vitamin E reduced generation of fatty acid hydroperoxides and hence, 
lipid oxidation. Caco-2 cells were only incubated for 48 hours maximum with the fish oils, 
however, it is recommended that in order to mimic chronic treatment with fish oil as 
reported in humans it is important to incubate caco-2 cells for up to 1 week (Ranheim et al., 
1994). Therefore, the results obtained from the current study may suggest that after acute 
supplementation with fish oil or oil extracted from food formulated using fish, changes 
occurring in cell proliferation could be due to lipid oxidation products, primarily peroxides, 
and after chronic supplementation with fish oil TAG secretion is blocked causing formation 
of lipid droplets. Further work needs to be carried out in order to prove this hypothesis.
9.6 Dioxins and PCBs contaminants in fish
Ah receptor activated in the presence of an organochlorine contaminant such as dioxins 
reduces the concentration of this contaminant in other tissues while its concentration 
increases in the liver and this subsequently causes activation and induction of enzymes
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such as CYP1A2 which then causes hepatic enlargement. The epidemiological studies 
clearly show a strong link between exposure to 2,3,7,8-TCDD and increased risk of cancer 
development (Van den Berg, 2000). The Baltic Sea has become one of the most 
contaminated places in Europe, due to intensive agricultural and industrial activities in this 
region (Falandysz and Rappe, 1996). The highest levels are found in fat predatory fish, as 
well as fish-eating birds and mammals. Compounds of major concern include chlorinated 
PCDDs and PCDFs, DDT, DDT-metabolites and pesticides such as toxaphene as well as 
chlorinated paraffin (Jansson et al., 1993). In a recent study carried out by Christensen et al 
(2001), of the first time levels of polybrominated diphenyl ethers (PBDEs) were 
investigated in Greenland (Christensen et al., 2001). The highest concentration was 
measured in Uvak, a top predator on fish indicating that PBDEs are biomagnifying 
(Christensen et al, 2001).
Different species of fish presented different profiles of PCDD/Fs. The highest individual 
contribution came from 1, 2, 3, 7, 8-PeCDD in horse mackerel (Namibia) and ribbon fish 
(India) at 0.04 and 0.03 pg/g wwt respectively. Although profiles were similar for 
sciaenidae and carangidae (Malaysia) and flying gurnard and burrito (Ghana), in general 
the congener profiles observed were independent of the region of sample origin. This could 
be explained by differences in body size and lipid content, (Kiviranta et al, 2004; 
Christensen ët al, 2001; Debruyn et al, 2004). Samples with larger body size and lipid 
content generally showed higher concentrations of PCDD/Fs, such as ribbon fish, cat fish 
and horse mackerel.
Horse mackerel from the UK contained the highest concentrations of PCDD/Fs congeners. 
Fish from Europe are generally reported to contain higher PCDD/F levels because of higher 
environmental and feed burdens (Jacobs et al, 2002; Gallani et a l, 2004; Rappe et al.
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1989). All of the PCBs analysed were detected in all samples except one from Kenya. 
Mono-ortho-PCBs contributed more to the WHO-PCB-TEQ than non-ortho-PCBs for most 
samples. Decreasing total TEQs were measured in Catfish (Kenya), Burrito (Ghana), 
Carangidae and Sciaenidae (Malaysia), Horse mackerel (Namibia), Flying Gurnard 
(Ghana), Big head (India), Goby (Namibia) and Mapanga (Kenya).
An assessment of dietary exposure to PCDD/Fs was calculated using the above data and 
statistical data obtained from F AO Globefish (FAO, 1995) on import, export and fish 
consumption per capita, for each country. Daily intake per capita of PCDD/Fs in fish was 
observed in the following descending order: carangidae (Malaysia) > sciaenidae (Malaysia) 
> burrito (Ghana) > horse mackerel (UK) > horse mackerel (Namibia), flying gurnard 
(Ghana)> ribbon fish (India) > goby (Namibia) > cat fish (Kenya) > mapanga (Kenya) > 
big head (India). The current PCDD/Fs and PCBs dietary intake in fish samples from 
Africa, Asia and UK is below the tolerable daily intake (TDI) and tolerable monthly intake 
for dioxins established by WHO, which for an adult of 70 kg body weight is in the range 
70-280 pg TEQ and 70 pg/kg body weight respectively (van Leeuwen et al, 1998; JECFA, 
2002). For this study which focuses on adult population from developing countries, which 
are commonly underweight, body weight was always assumed to be 60 kg and not the 
standard 70 kg, except for exposure assessment in the UK. The breakdown and elimination 
of PCBS and PCCD/Fs in humans as well as other organisms is extremely slow and hence, 
they accumulate in the body very easily. Therefore, the Scientific Committee on Food 
(SCF) of the European commission in the period 2000-2001 decided to express the 
maximum tolerable intake not as a daily average but as a weekly average (TWI) of 14 pg 
TEQ per kg bw (per week) (SCF, 2001). The same was done for dioxins where, their 
maximum tolerable intake was calculated as a monthly average of 70 pg TEQ per kg bw 
(per month) (JECFA, 2002). As a result of this, the maximum tolerable intakes referred to
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in this thesis should be interpreted as an average tolerable intake for periods of weeks to 
months. Exceeding such a value in a short-term will not be so critical and will not result in 
health damage, as long as the averaged long-term intake does not exceed the maximum 
tolerable intake (SCF, 2001; JECFA, 2002).
Although research has noted that the consumption of fish and fish products is a significant 
source of human exposure to PCDD/Fs (Van den Berg, 2000), it is important to note that 
national diets vary widely, even within Europe and can play an important role in exposure 
to such chemicals. For example consumption of vegetables, fruits and dairy products and 
less fatty food can change the intake of such contaminants in the diet.Interpretations in 
terms of more specific regional variations regarding exposure are limited because of the 
availability of only two species from each region (one from the UK). Nevertheless, the data 
from the current study demonstrate the value of fish as a matrix for estimating human 
dietary exposure to PCDD/Fs in countries for which few exposure data are available.
Dietary intake of these contaminants significantly exceeds exposure through inhalation, 
dermal contact and ingestion of contaminated soil and dust (Bocio and Domingo, 2005). 
But nonetheless those individuals living near waste incinerators or highly industrialised 
areas are also prone to contamination by these chemicals. In this study horse mackerel from 
the UK, showed a much lower concentration of these contaminants compared with other 
studies carried out throughout Europe in the late 1990s. Such notable reduction in the 
dietary intake of dioxins is possibly caused by a decrease in the atmospheric levels of these 
contaminants possibly due to regional changes in the burning of coal and wood for heating 
and new policies for the use of certain chemicals.
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9.7 CONCLUSION
• The results of this study confirmed that fatty fish such as mackerel and horse 
mackerel are rich in unsaturated fatty acids (mono and polyunsaturated fatty acids) 
particularly EPA and DHA, are essential for a healthy diet and help to prevent 
cardiac diseases among many other illnesses. They are also rich in highly functional 
proteins which add to the organoleptic properties of such fish.
• This study also illustrated that fish rich in PUFA are prone to lipid oxidation and 
therefore changes in organoleptic properties of the fish during storage.
• Freeze-drying did not have an effect on loss or reduction of fatty acids during early 
stages (0-2 weeks) of storage of freeze-dried fish at 22°C. In the absence of 
antioxidants there was a gradual decrease in the intensity of Raman bands 
associated with CH2 stretches and C=0 ester stretches, and alterations in lipid 
structure involving CH groups as a result of lipid oxidation and lipid-protein 
interactions.
• Combination of vitamins E + C + citrirc acid (250; 250; 100 ppm) and rosemary 
(250 ppm) reduced the loss of myofibrillar proteins (myosin) as seen in gel 
electrophoresis of myofibrillar proteins extracted from fish; this reaffirms that lipid 
oxidation increased protein damage.
• A combination of antioxidants provided a better mode of protection against lipid 
oxidation and synergism was seen between antioxidants, particularly use of free 
radical scavengers (vitamin E, vitamin C) and metal chelators (citric acid, vitamin 
C).
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• Lipid oxidation affected cell proliferation as seen in caco-2 cells and its cellular 
cytotoxicity. The levels of LDH release as a result of cellular membrane damage 
varied greatly among different concentration groups, suggesting there was no dose- 
dependent relationship. There was a rise in LDH release at lower concentration 
groups which then dropped at highest concentration of both simple and complex 
PUFA.
• From the current data it is difficult to identify the exact mechanisms involved in 
cellular changes as a result of treatment with PUFA. However, since changes in the 
percentage of LDH release coincided with changes in formation of primary and 
secondary oxidation products (seen in PV and TEARS) and were lower in 
antioxidant treated samples, it is suggested that changes in cell proliferation are 
caused by lipid oxidation and imbalances in redox cycle in the cell.
• Selected fish from developing countries studied in this thesis were found to be 
relatively clean of any contaminants as far as PCBs and dioxins are concerned. It is 
not possible to say that they are completely safe, as other analysis (fertilisers and 
pesticides) are needed.
9.8 Further studies
• In investigating cellular damage or cellular proliferation by administration of simple 
or complex PUFA, further studies are needed to determine the exact mechanism by 
which cellular cytotoxicity and cell death or proliferation takes place. For example 
Hoechst’s staining method can determine whether cell death was via apoptosis or
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necrosis mechanism. Nuclei condensation in cells treated with oxidised oil, 
indicates apoptosis.
• Another suggestion would be to investigate chronic effects of PUFA such as EPA 
and DHA on TAG production in caco-2 cells. This test indicates occurrence of 
apoptosis as a result of lipid droplet formation in the cells exposed to high 
concentrations of PUFAs. This can be done using oil red O staining. Using a 
positive control such as staurosporin which induces apoptosis, oil droplets are 
formed which appear to be smaller and scattered all around the cell compared to the 
control cells.
• DNA fragment gel can also be used to determine whether or not cells are dead and 
if cell death has occurred as a result of apoptosis. This is because cells dying as a 
result of apoptosis form a ladder pattern on DNA fragment gel.
• The results of the current study suggested that initial cell damage caused in caco-2 
cells may be due to hydroperoxides rather than secondary oxidation products. This 
can be further investigated using fluorescent probes such as diphenyl-1- 
pyrenylphosphine (DPPP), which reacts with lipid hydroperoxides to yield 
fluorescent product DPPP oxide and can therefore, be used as a fluorescent probe 
for lipid peroxidation in live cells (Takahashi et al., 2001). DPPP reduces H2O2 and 
biologically important hydroperoxides such as fatty acid hydroperoxides, 
phosphatidylcholine hydroperoxide and triglycerol hydroperoxides to their 
corresponding alcohols. DPPP itself is not fluorescent but DPPP oxide, resulting 
product of the reaction with hydroperoxides, is fluorescent with high fluorescence 
yield.
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• There have been several other probes for lipid oxidation in living cells, such as cis- 
parinaric acid (PnA), fluoresceinated phosphoethanolamine and undecylamine- 
fluorescein. From these, PnA is suggested to be the most practical probe used in 
living cells. It is primarily used in initial stages of lipid oxidation, as it measures the 
rate of initiation rather than estimating the degree or progression of lipid oxidation 
(Takahashi et al., 2001). However, in contrast to DPPP probe, PnA probe has a 
short half-life in the living cells and can inhibit cell proliferation. DPPP is quite 
stable in live cells, therefore, it can be used to measure long-term peroxidation. The 
lipid hydroperoxides are intermediate species in living cells, therefore, measuring 
their levels only provides information on the rate of lipid oxidation of the cell at the 
time of measurement, but increase in DPPP oxide fluorescence would provide 
cumulative history of peroxidation of the cell membrane during the course of 
experiment (Takahashi et al., 2001).
• The levels of fertilisers and pesticides need to be investigated in fish species from 
developing countries.
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Effects of Natural Antioxidants on Selected
Low-Value Fish Eipids and Proteins iïïs?"s“"w
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Introduction
•Fish in particular fatty fish such as mackerel are a good source of meat protein 
(Venugopal and Shahidi, 1995). Fish oil contains a high proportion of long chain 
unsaturated co-3 fatty acids such as EPA and DMA. It is well established that such 
high contents of PUFA in fish makes it more susceptible to lipid oxidation resulting in 
toxic compounds such as reactive oxygen species (ROS) and reactive nitrogen 
species (RNS) (Blankenborn et al., 1990). Such reactive species are associated with 
a disturbance between oxidation and reduction status leading to oxidation of lipids 
and proteins (Vaya and Aviram, 2001).
•Accumulating evidence indicates that natural antioxidants present at low 
concentrations, in relation to oxidisable substrates, significantly inhibit or delay 
oxidative processes (Vaya and Aviram, 2001). Antioxidants may exert their effect on 
biological systems by different mechanisms such as electron donation, metal ion 
chelation, synergistic effect with other antioxidants (co-antioxidants) or by gene 
expression regulation.
•The present study employed natural antioxidants vitamin E and C, E and C and citric 
acid, Rosemary to identify the most effective antioxidant in protecting against 
oxidative stress.
Methods
•Lipid extraction (Bligh and Dyer, 1959)
•Primary oxidation product determination by peroxide value measurement 
(Pearson, 1991)
•Analysis of secondary oxidation product (TBARS) using HPLC (Yu and 
Sinnhuber, 1967; Hoyland and Taylor, 1991).
•Protein determination using Bradford (Bradford, 1976).
Data Analysis
•Statistical analyses were performed using a homoscedastic two tailed 
distribution student t-test. * P<0.05, **P<0.01 and “ *P<0.001 versus respective 
controls.
Results
1. Formation of primary oxidation product in freeze-dried mackerel stored at room 
temperature
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2. Formation of secondary oxidation product in freeze-dried mackerel stored at room 
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Conclusions
•All natural antioxidants significantly delayed the initiation and propagation reactions of lipid oxidation.
•A direct relationship exists between lipid oxidation and protein denaturation-aggregation reactions. The addition of antioxidants extends the time taken for 
this deterioration to occur. Therefore it is suggested that it maybe possible to use such natural antioxidants to increase the shelf-life of freeze-dried 
mackerel and hence to maintain its optimal texture quality.
•Vitamin E&C used in combination with citric acid as well as samples treated with rosemary delayed lipid oxidation and protein-denaturation more 
significantly than other treatment groups.
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CYTOTOXICITY OF POLYUNSATURATED FATTY ACIDS (PUFA) METHYL 
LINOLEATE AND COMPLEX FISH OIL IN CULTURED CLONAL HUMAN 
INTESTINAL CANCER CELLS (CACO-2)
Samiramis Sarkardei. George Kass. Nazlin Howell 
icliool ol’Biomedical and Molecular Sciences. University of Surrey. Guildford. Surrey, GU2 7XH. UK
I n tr o d u c t io n  M
Fish oil contains a high proportion of long chain unsaturated 0-3 fatty acids such as The human colorectal carcinoma cell line
icosapentaenoic (EPA) and docosahexaenoic (DMA) acids that makes them highly in 25cm2 plastic flask at 37 °C in air \
Ifcceptible to lipid oxidation resulting in toxic compounds including reactive oxygen (Gibco, Paisly UK). The medium was su
species (ROS) and reactive nitrogen species (RNS) (Blankenborn et al., 1990). Such 0.5% glutamine (20mM, Gibco, UK) anc
reactive species are associated with a disturbance between oxidation and reduction subcultures the medium was removed a
status leading to oxidation of lipids and proteins (Vaya and Aviram, 2001). with a 0.25% trypsin/EDTA (Gibco, U
Hydroxyeicosatetraenoic acid (HETEs) and hydroxyoctadecadienoic acid (HODAs) trypsin/EDTA, 10ml of culture medium wil
are the major active hydroxylated fatty acids formed via the lipid oxidation of Cells were centrifuged at 120 x g for 5 mi
arachidonic acid and linoleic acid respectively (Saeed and Howell, 1999). They are in plates or new culture bottles,
involved in different cellular actions such as cell proliferation, migration and regulation Effects of oxidised methyl linoleate an
of enzyme activities such as phospholipases and kinases (Kang et al., 1999). The LDH leakage assay (Model system)
existence of such variety of activities suggests that there are several mechanisms Initially the toxicity of methyl linoleate w:
involved in mediating the biological effects of these hydroxylated fatty acids. linoleate. In order to oxidise methyl linolej
•Several in vitro studies have shown that at low concentrations (1pM), such lipid for 72 h prior to treatment. Caco-2 cells a
hydoperoxides cause an increase in cell proliferation, whereas at higher h with oxidised methyl linoleate at concei
concentrations (<10pM) they cause an increase in intestinal redox imbalances and value of methyl linoleate and fish oil was i
DNA oxidative damage, but cells were still >90% viable. At much higher LDH assay were carried out according to
concentrations (20 and 50pM) they cause substantial apoptotic cell death (Rhoads et Effects of oil extracted from freeze-dr
al., 1998; Goto et al., 1998) antioxidants for 8 weeks at 22 °C on I
The aim of the present study was to elucidate the effect of oxidised methyl linoleate (real system) :
and oxidised oil extracted from stored dried mackerel on Caco-2 cells in the presence The same procedures were applied a:
and absence of antioxidants. linoleate, fish oil extracted from freeze-dri
I University of Surrey
I G u ild fo rd
e t h o d s
The human colorectal carcinoma cell line Caco-2 was obtained from ECAC and was grown 
in 25cm2 plastic flask at 37 °C in air with 5% C 02 in minimal essential medium-MEM 
(Gibco, Paisly UK). The medium was supplemented with 10% FBS (foetal bovine serum), 
0.5% glutamine (20mM, Gibco, UK) and 0.5% gentamycin (1 mg/100ml, Gibco, UK). For 
subcultures the medium was removed and the cells were detached from the culture flask 
with a 0.25% trypsin/EDTA (Gibco, UK) after a 10ml PBS wash. Followed by the 
trypsin/EDTA, 10ml of culture medium with 10% FBS was then added to stop trypsinisation. 
Cells were centrifuged at 120 x g for 5 min and resuspended with fresh medium for seeding 
in plates or new culture bottles.
Effects of oxidised methyl linoleate and fish oil on Caco-2 cells using MTT assay and 
LDH leakage a say (Model system)
In tially the toxicity of methyl linoleate was tested using oxidised and non-oxidised methyl 
linoleate. In order to oxidise methyl linoleate, sample aliquots were placed under a UV lamp 
for 72 h prior to treatment. Caco-2 cells at 1 x104 density were challenged for 72, 48 and 24 
h with oxidised methyl linoleate at concentrations of (20, 40, 80 and 100pM). The peroxide 
value of methyl linoleate and fish oil was measured to ensure oxidation. MTT assay and the 
LDH a say were ca ried out a cording to MTT and LDH kit instructions (Sigma, UK).
Effects of oil extracted from fr eze-dried Atlantic mackerel stored with and without 
antioxidants for 8 w eks at 2 °C on human Caco-2 cells using LDH leakage assay 
(real system)
The same procedures were applied as described above; however, instead of methyl 
linoleate, fish oil extracted from fr eze-dried mackerel was used.
D a ta  A n a ly s i s
•Statistical analyses were performed using a  homoscedastic two tailed distribution student t-test. * P<0.05, 
**P<0.01 and ***P<0.001 versus respective controls.
RESULTS
Toxicity of oxidised and fresh methyl linoleate on human Caco-2 cells seeded in 24 well plates and challenged 
with fresh and oxidised methyl linoleate and mackerel oil (20, 40, 80 and 100 pg m l1) for 24, 48 and 72 hours.
%LDH release in Caco-2 cells treated with fresh methyl indeate % LDH release in Caco-2 cells treated with fresh fish oil %LDH release in Caco-2 cells treated with 24 h oxirfised fish oil
1<> LDH release in Caco-2 cells treated with 48 h oxidised fish o
~+- control •  25 00
.................. H ! ”” 11::
-*•100 I  '  Z 1 h ” 10
The error bars represent the standard deviation for each data point. The data points represent the mean average cell viability of three separate wells for each concentration of oil.
Effects of oil extracted from freeze-dried Atlantic mackerel stored with and without antioxidants for 8 weeks at 
room temperature on human Caco-2 cells using LDH leakage assay
-  mtreated
Caco-2 cells treated with 80 gg/ml oil extracted from macker 
stored with different antioxidants for 8 weeks at 22 °C
CONCLUSION
cytotoxicity, assessed as percentage of lactate dehydrogenase enzyme (LDH) release into the cytoplasm as a result of cell membrane rupture, was induced in samples of 
r fish oil oxidised under UV for 24 and 48 h.
iar correlation between an increase in concentration of ML or mackerel oil and percentage of LDH release in Caco-2 cells was observed, over the 72 hour incubation period,
igh concentrations (100 pg/ml), induction of cell cytotoxicity was greater for ML compared with mackerel oil as indicated by a rise in percentage of LDH release. In contrast,
« concentrations of oxidised lipid (20 and 40 pg/ml) Caco-2 cells treated with mackerel oil were more damaged compared to cells treated with ML.
occurrence of cell injury as measured by the release of LDH was accompanied by a decrease in formazan dye production (measured by the MTT assay), in Caco-2 cells
ed with ML oxidised under UV for 24 and 48 h (data not shown here).
musual finding was that the addition of 72 h UV-oxidised ML or mackerel oil to cells resulted in a substantially lower cell cytotoxicity as indicated by a lower percentage of
release and a greater increase in formazan dye production.
oxidants E+C+C in combination and rosemary significantly reduced the rate of oxidation and percentage of LDH release compared to the control and vitamin E+C treated 
>les(P<0.001).
easing the concentration of oil extracted from mackerel stored with antioxidants and used in Caco-2 cells have a significant effect on cell cytotoxicity.
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